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ABSTRACT OF DISSERTATION 
 
 
 
 
DEVELOPMENT OF AN EXTRACTION METHOD FOR THE MASS SPECTRAL 
ANALYSIS OF ORGANIC GUNSHOT RESIDUE FROM CLOTHING  
 
This dissertation will focus on the extraction of volatile organic compounds 
associated with gunshot residue from articles of clothing, followed by analysis 
with mass spectrometry. During the discharge of a weapon, a cloud of volatile 
organic gunshot residue (OGSR) is dispersed around a firearm. This will create a 
high probability of transfer between the OGSR and the clothing of individuals who 
are near a discharged weapon.  
 The first part of this dissertation will be the development of a method for 
removal of volatile OGSR from articles of clothing. Extraction of OGSR will be 
completed by solid phase microextraction (SPME), followed by separation and 
analysis by gas chromatography-mass spectrometry (GC/MS). Many parameters 
will require optimization for proper extraction of OGSR from articles of clothing. 
Following development of a SPME procedure, figures of merit were determined 
such as linearity and limits of detection/quantification, obtaining levels of 
detection of 0.206 ng/cm2 on a 100 cm2 cotton cloth. Applications of this 
extraction method were investigated including the determination of the distance 
OGSR travels from a discharged weapon and the extraction of OGSR with 
different clothing materials by SPME.  
The second part of this dissertation will focus on the development of an 
on-line solvent extraction method for removal of OGSR from articles of clothing, 
followed by analysis with paper spray mass spectrometry. Issues using SPME of 
certain types of clothing materials required the development of an alternative 
method for removal of OGSR from articles of clothing. Use of an on-line solvent 
extraction technique of OGSR from articles of clothing followed by analysis with 
paper spray mass spectrometry allowed for detection of OGSR at comparable 
levels to a headspace SPME procedure. Use of paper spray with an ion trap 
mass spectrometer permitted the soft ionization of OGSR compounds followed 
by tandem mass spectrometry to obtain structural information.  
 Extraction of OGSR from articles of clothing has potential to determine if 
an individual was present during the discharge of a firearm. Extraction of OGSR 
from articles of clothing will provide an alternative to traditional methods of 
gunshot residue analysis currently in use. 
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Chapter 1:  Introduction 
1.1 Background 
 Gunshot residue (GSR) analysis has been used for many decades in 
forensic science for determination if an individual was recently around a 
discharged firearm. Traditionally the method of choice for GSR analysis has been 
the detection of inorganic particles associated with firearm ammunitions. 
Inorganic particles used in modern firearm ammunition generally contain the 
heavy metals of lead and antimony (1). Analytical techniques used for analysis of 
these heavy metals associated with GSR include use of scanning electron 
microscopy with energy dispersive x-ray analysis (SEM-EDX) (2-4). Recent 
health concerns have caused ammunition manufactures to remove these 
characteristic heavy metals, thus making SEM-EDX a less effective technique for 
determination of GSR (5). Removal of these heavy metals provides new 
opportunities for development of novel analytical techniques for determination if 
an individual was recently around a discharged firearm.   
 Shifting focus away from analysis of inorganic GSR particles towards 
analysis of organic components of gunshot residue (OGSR) holds great potential 
in forensic science. Since compounds associated with OGSR generally only 
contain the elements carbon, nitrogen, oxygen, and hydrogen, elemental analysis 
by SEM-EDX will not provide useful information. During the discharge of a 
firearm, rapidly expanding gasses produce extreme pressure and temperatures, 
causing the bullet to be discharged out the barrel of the firearm. Other 
substances also projected out the front of the firearm are burnt, partially burnt, 
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and unburned particles associated with primers and propellants of firearm 
ammunition. The majority of these particles escape from the barrel of the firearm 
with the projectile, but gaps within the construction of the firearm (around the 
slide and cartridge ejection port) will also allow escape of these organic particles 
(6-8). Openings within the construction of a firearm will allow a cloud of OGSR 
particles to form around the discharged firearm, thus creating a high probability 
that trace levels of OGSR will be found on the clothing of individuals who are in 
close proximity of a discharged firearm.  
 
1.2 Organic Gunshot Residue 
 Organic components of gunshot residue are generally located with the 
propellants and stabilizers of firearm ammunition (4). Smokeless powders are the 
primary propellant used in modern firearm ammunition to expel a projectile from 
a firearm. Depending on the application, single, double, and triple-based 
smokeless powders are the most common type of propellant used. Single-based 
powders are primarily found in rifle ammunition and use nitrocellulose as their 
main component. Double-based powders are commonly found in handgun 
ammunition and contain the major compounds of nitrocellulose and nitroglycerin, 
with some double-based powders containing up to 40% of nitroglycerin by weight 
(9). Triple-based powders are the least common type of smokeless powder, 
containing the three main compounds of nitrocellulose, nitroglycerin, and 
nitroguanidine, and are generally only found in rocket and other military grade 
types of ammunition. The addition of more nitroaromatic compounds to each type 
   3 
of smokeless powder adds more energy upon ignition of the powder (4, 5, 10). 
Because nitroglycerin is typically found in double based powders found in 
handgun ammunition and having no known environmental sources, 
determination of nitroglycerin can be of great value for the analysis of OGSR 
(11).  
Since compounds present in smokeless powders have a high level of 
shock sensitivity, stabilizers must be added to the ammunition mixture to reduce 
the possibility of accidental discharge during storage and transportation. 
Numerous compounds are used as stabilizers in firearm ammunition, including 
the compounds methyl and ethyl centralite (MC and EC). These two compounds 
are unique to firearm ammunition making them ideal as potential identifiers of 
OGSR in a sample (12). Other compounds such as phthalates are also 
commonly used as stabilizers in firearm ammunition, but because of their 
common usage in other industries, identification of phthalates alone cannot be 
used for determination of OGSR (13). Another common stabilizer found in OGSR 
is diphenylamine (DPA), but as with phthalates, diphenylamine is not exclusively 
found in firearm ammunition. Other industries, such as plastics and 
pharmaceuticals also employ wide use of DPA throughout their manufacturing 
process (14). Recent research has found that DPA in the presence of smokeless 
powders can produce many nitrated derivatives of DPA that can prove useful for 
determination of OGSR.  
Nitrated derivatives of DPA occur when compounds that contain nitrate 
esters (nitroglycerin) start to break down, releasing nitrogen oxides that react 
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with stabilizers present in firearm ammunition (15). Nitration can occur either at 
the carbon or nitrogen atom of DPA to produce many nitrated derivatives present 
in OGSR. Figure 1.1 shows the DPA derivative compounds that can occur with 
the radical reaction between DPA and nitrate ester compounds (14, 16). Since 
this reaction occurs during the storage of firearm ammunition, detection of these 
nitrated derivatives of DPA can provide useful information to support the 
identification of OGSR on a sample. 
 
1.3 Gas Chromatography 
 A Shimadzu QP 5000 gas chromatography-mass spectrometry (GC/MS) 
was utilized in chapter 2 and 3 of this project and depicted in Figure 1.2. The 
following section provides a brief introduction of GC/MS theory and operation. 
Gas Chromatography (GC) itself is not used as a method for detection of 
analytes, but as a separation technique that is normally coupled to a detector. An 
abundance of hyphenated GC techniques has occurred because of the coupling 
of GC to a variety of detectors. Some of these hyphenated techniques include 
gas chromatography-mass spectrometry (GC/MS), gas chromatography-flame 
ionization detector (GC/FID), gas chromatography-nitrogen phosphorus detector 
(GC/NPD), and gas chromatography-electron capture detector (GC/ECD). Each 
technique has advantages and disadvantages for a particular type of analyte (17, 
18). Over time, use of GC/MS has become the more common of the hyphenated 
GC techniques because of the ability to provide molecular information on a 
variety of compounds.  
   5 
 
  
Figure 1.1:  Potential diphenylamine derivatives that can occur 
with compounds containing nitrate esters such as the propellant 
nitroglycerin.   
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Figure 1.2:  Image of Shimadzu QP 5000 gas 
chromatography-mass spectrometry. GC is on the left, 
with the MS the right. 
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Chromatography is made up a stationary and mobile phase to provide 
separation of a sample mixture. Use of an inert carrier gas as the mobile phase 
will move the analyte mixture along the stationary phase. Typically either helium, 
nitrogen, or hydrogen can be used as the carrier gas for GC, with helium being 
the choice for most GC/MS systems (19). Original wide-bore GC columns with 
large inner and outer diameters and short lengths were hand packed with a 
stationary phase to provide separation (20). Today, capillary GC columns are 
used, having much longer lengths and smaller inner and outer diameters, 
providing better separation and higher resolution. The stationary phase utilized in 
capillary GC columns consists of polymer coated around the inside wall of a 
fused silica capillary column. The type of coating applied to a GC column 
depends on the composition of the analyte to be separated. The most common 
type of stationary phase consists of a polymer with 5% phenol and 95% 
polydimethylsiloxane as seen in figure 1.3. Coating thickness used on the inside 
wall and length of the capillary column can vary, again depending on the specific 
application of the GC column (20-22). Throughout this project a 30 meter GC 
capillary column was used with a 0.25 mm ID and a stationary phase thickness of 
0.25 µm. This length and thickness is a general-purpose type of GC column and 
is used for a wide array of applications.  
A main requirement for an analyte to be separated by GC is the sample 
must be volatilized to obtain proper separation in the GC column. Samples are 
volatilized inside an injection port that is heated to a temperature well above the 
boiling point of the sample (typically between 200°C to 300°C). Inside the heated 
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Figure 1.3:  Chemical structures of the GC column stationary 
phase DB5-MS (95% polydimethylsiloxane and 5% Phenyl). 
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injection port is an inert liner for the sample to be vaporized in. Typically, injection 
port liners are made out of deactivated glass, to reducing the possibility of 
interactions between the sample and the injection port. The purpose of the 
injection port is to allow sample introduction into the GC system (19).  
 Primarily there are two types of methods used to insert a sample on a GC 
column. The first and most common method is a split injection technique. During 
a split injection, a small amount of vaporized sample is placed on the head of the 
GC column, with the majority of the sample sent out the split vent of the 
instrument. Typically a split ratio of 1:50 or 1:25 is used, with the smaller portion 
of the ratio placed on the head of the GC column. A second type of injection 
technique typically used is a splitless injection. During a splitless injection, the 
split vent is closed for a set period, providing a “sampling time” where the entire 
amount of the analyte can be placed on the head of the GC column for 
separation. At the end of the sampling time, the split vent will then be opened to 
sweep the remaining analyte in the injection port out the split vent. Typically a 
splitless injection technique is used for a sample with trace levels of analyte 
present (23). After the analyte has been completely volatilized in the injection 
port, the sample will then be chromatographically focused onto the head of the 
GC column for separation.  
 Chromatographic focusing of the analyte will allow for creation of a very 
thin injection band on the head of the GC column. Obtaining a thin injection band 
is completed by cooling the GC column to a temperature well below the boiling 
point of the analyte of interest. Typically, a temperature program will then 
   10 
increase the temperature of the GC column at a set rate, but isothermal 
temperature programs can also be utilized if desired. As the temperature begins 
to rise, the analyte will start to travel through the GC column, allowing 
interactions between the analyte and the stationary phase thus, proving 
separation for the analyte mixture (24). Figure 1.4 provides a picture of a GC 
oven with a capillary column installed. After separation in a GC column, the 
analyte will elute into the ionization source of the mass spectrometer.  
 
1.4 Mass Spectrometry 
 After elution from the GC, analytes will enter the source block of the mass 
spectrometer (MS) as seen in figure 1.5. Within the source block, analytes will 
become ionized for manipulation by the mass analyzer. The most common types 
of ionization methods associated with GC/MS are electron ionization (EI) and 
chemical ionization (CI), with EI making up most ionization used by GC/MS. 
During EI, electrons are boiled off a filament at 70 eV at the exit of the GC 
capillary column to provide ionization. Figure 1.6 shows an example of a filament 
used in a Shimadzu QP 5000 GC/MS system. Use of 70 eV will provide sufficient 
energy to ionize most compounds that can be separated by GC (19). Because of 
this energy, everything that elutes from the GC column will be ionized in the 
source block of the mass spectrometer.  
Electron ionization is considered a hard ionization process, generally 
providing large amounts of fragmentation within the analyte. Interaction of the 
electron beam with the analyte produces a positively charged odd ion (M+) 
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Figure 1.4:  Shimadzu QP5000 GC oven with 
capillary column connected. 
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Figure 1.5:  Shimadzu QP 5000 MS 
ionization source. 
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Figure 1.6:  Shimadzu QP 5000 MS 
filament.  
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species. The process of EI is demonstrated in Figure 1.7. Many times, 
characteristic fragmentation will occur because of the unstable radical molecule 
formed (M+) during interaction with the electron beam. Production of this 
unstable radical cation can cause rearrangements producing stable ions, which 
provide characteristic fragmentation ions that can be used to identify the analyte 
of interest. These fragments can either be an even-electron ion and a radical 
species, or an odd-electron ion and a molecule (19, 25). Fragmentation of 
analytes can occur through a variety of different mechanisms.  
 Chemical ionization (CI) is the second type of ionization typically seen in 
GC/MS. Chemical ionization occurs in a much different mechanism than EI. 
Instead of analytes eluting into a 70 eV electron beam, a reagent ion is placed in 
the source of the mass spectrometer causing a proton transfer reaction to occur 
with the analyte to provide ionization. Figure 1.8 shows the mechanism for the CI 
of the reagent compound methane. The first step in the CI process involves the 
EI of the reagent compound, producing a radical cation of the reagent compound. 
Next, the radical cation will react with another reagent molecule to produce a 
positively charged compound. In the example provided in figure 1.8, this will 
create a highly reactive methane molecule with 5 hydrogen atoms. Creation of 
this highly reactive methane molecule will then provide a proton transfer with 
analytes as they elutes from the GC column. Typically, this reaction occurs to 
produce a positively charged analyte by mechanism of a proton transfer, but 
sometimes other reactions can occur providing other adducts as well.  
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Figure 1.7:  Mechanism for electron impact ionization.  
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Figure 1.8:  Mechanism for chemical ionization. 
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Chemical ionization is considered a soft ionization technique compared to 
EI, because ionization occurs by a proton transfer instead of interactions with an 
electron beam. Since the proton transfer in CI requires much less energy, less 
fragmentation typically occurs providing molecular ion information, whereas EI 
typically produces highly fragmented products with no molecular ion present. 
Another advantage of CI is the selectivity that can be obtained with the use of 
different reagent ions. If a reagent ion is chosen that has a proton affinity slightly 
lower than the analyte of interest, selective ionization will occur for this analyte, 
thus reducing the ionization of compounds not of interest within the sample. Even 
though a gain in selectivity is obtained with CI, a major drawback is the loss of 
sensitivity compared to EI. An increased in pressure from the reagent molecules 
will reduce the mean free path of the analytes present in the mass analyzer. 
Reduction of the mean free path will increase the probability that analyte 
molecules will have a trajectory other than the direction of the detector, thus 
reducing the signal obtained by CI compared to EI (26-29). After the analyte has 
been ionized, the mass analyzer will then separate the analyte into individual 
mass to charge (m/z) ratios.  
 Throughout this research, both a quadrupole mass filter and a quadrupole 
ion trap mass analyzer were utilized for the separation of ions. First will be a 
discussion of the theory and operation of a quadrupole mass filter (QMF). 
General design of a QMF includes the placement of four equally spaced and 
electrically isolated electrodes apart from each other as depicted in figure 1.9. 
Normally, these electrodes are cylindrical in shape, but can also be in other  
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Figure 1.9:  Quadrupole rods used in 
quadrupole mass filter analyzer  
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forms. To explain the theory associate with a QMF, one must first think of the 
quadrupole in a X-Z and Y-Z plane (see figure 1.9). For simplicity, an explanation 
of the X-Z plane will first be considered. Two rods opposite of each other in the 
X-Z plane will have an AC potential applied to them in a sine wave (see figure 
1.10). If a positive ion is traveling through the quadrupole rods while the AC 
potential is in the positive phase, a positive ion will be repelled from the rods and 
be focused towards the center of the QMF. This focusing of the positive ion will 
allow passage through the QMF and onto the detector. When the AC potential is 
in the negative phase of the sine wave, the positive ion will be attracted to the 
quadrupole rods, causing the positive ion to strike the quadrupole rods, not 
allowing passage of the ion through the QMF and onto the detector. Along with 
the AC potential applied to the quadrupole rods in the X-Z plane is a constant DC 
potential. The positive ion will also feel a similar effect with the DC potential, with 
the ion being attracted when a negative potential is applied to the electrodes and 
repelled when a positive potential is applied to the electrodes. The difference is 
that larger (heavier) ions feel the effect of the DC potential, while the smaller 
(lighter) ions feel the effect of the RF potential. The amount of time the RF has a 
negative potential applied, determines if a lighter ion will strike the quadrupole 
rods and not pass through the QMF. In the Y-Z plane, equal potential is applied 
to this set of quadrupole rods, but opposite in phase as the X-Z plane (30). 
Figure 1.11 provides a summary of QMF operation. 
 The QMF can be used as a mass analyzer in mass spectrometry because 
of the ability to create both a high and low pass mass filter allowing passage of  
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Figure 1.10:  Sine wave associated with RF applied 
to quadrupole rods. 
   21 
  
Figure 1.11:  Summary of QMF operation.  
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particular ions through the quadrupole rods. Still using the analogy of a positive 
ion traveling through the QMF, use of a high pass mass filter in the X-Z plane 
occurs because of the positive DC potential that is applied to these rods. This will 
cause heavy ions to be focused into the center of the quadrupole rods and travel 
through the QMF. Lighter ions will still feel the effect of the sine wave oscillation 
of the RF potential, and possibly be filter out of the QMF. In the Y-Z plane, a low 
pass mass filter occurs because of the negative DC potential applied to the 
quadrupole rods, causing heavy ions to strike the rods and not allowing passage 
through to the QMF. Lighter ions will again still feel the RF potential applied and 
have the possibility to be focused to the center of the rods or filtered out by 
striking the quadrupole rods. Combination of these low and high band pass filters 
will allow a small value of m/z ratio to pass through the QMF at a given time (30). 
 Good resolution is needed with any mass spectrometer to obtain useable 
data. Utilization of a narrow band pass filter is needed to allow the passage of a 
single m/z through the quadrupole rods at a given moment. To explain how a 
narrow band pass filter operates in a QMF, a brief discussion on the stable 
solution to the Mathieu equation and the stability diagram it produces is needed. 
Figure 1.12 shows a portion of the stability diagram that is obtained from the 
stable solutions to the Mathieu equation for a QMF. The Mathieu equation for 
stable trajectories through a QMF are provided below (19). 
 
𝑎! = −𝑎! =
!!"#
!!!!!
    Equation 1.1 
𝑞! = −𝑞! =
!!"#
!!!!!
    Equation 1.2 
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Figure 1.12:  Stability diagram used with QMF. 
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The “a” term is associated with the DC potential and the “q” term is associated 
with the RF potential applied to the quadrupole rods. 
 For a QMF, only the upper part of the stability diagram is used (figure 
1.12). As seen in the stability diagram a mass scan line can be obtained by 
holding a constant DC and RF ratio on the quadrupole rods. Adjustment of this 
DC and RF ratio will change the slope of the mass scan line, allowing only a 
small portion of the mass scan line passes through the stable region of the 
stability diagram as seen in figure 1.12. This will only allow passage of a 
particular m/z value and provide a narrow band pass filter in the QMF. Increasing 
the DC and RF voltages applied to the quadrupole rods while holding a constant 
ratio will allow scanning of different m/z values along the mass scan line, thus 
allowing the acquisition of a full scan mass spectrum to be obtained (30).  
 Another feature of the QMF is use of a technique called selected ion 
monitoring (SIM), which provides the ability to hold a particular RF and DC 
voltage allowing the stable trajectory of a specific m/z value to be transmitted 
through the quadrupole rods. Use of a SIM method can be a powerful technique 
to selectively analyze for a particular analyte in a mixture (31). If multiple analytes 
are to be analyzed with different elution times from a GC, a time table can be 
created to allow certain analytes to pass through the quadrupole rods at a 
particular time, providing for a targeted analytical approach.  
 The second type of mass analyzer utilized is a quadrupole ion trap (QIT). 
Since the mid 1980s, the QIT has been commercially available and used as a 
mass analyzer for mass spectrometry. In comparison to how a QMF is a 
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transmission mass analyzer, the QIT will trap and hold ions during analysis, and 
will scan out particular m/z values to be detected. Invention of the QIT can be 
contributed to Wolfgang Paul in the 1950s, which he later shared a Nobel Prize in 
physics for in 1989 (19, 32). 
 Figure 1.13 show an image of a QIT consisting of two main parts with two 
end cap electrodes placed on the end of the QIT and a ring electrode placed in 
the center of the end caps. Between each electrode are quartz spacers used to 
keep the electrodes electrically isolated and equally spaced apart. During a 
typical application, the end cap electrodes are held at a ground potential, with RF 
being applied to the ring electrode. Application of a fundamental RF frequency is 
applied to store ions in the QIT. Helium bath gas is also used to help “cool” the 
ions in the center of the trap while they are being stored. Every ion in the QIT has 
a specific frequency associated with a m/z value which an ion will oscillate in the 
trap, called its secular frequency. During the acquisition of a full-scan mass 
spectrum, the RF is ramped performing a mass selective instability scan, 
allowing the ejection of individual m/z values based on their secular frequency. 
Once the ions are ejected from the trap, they will strike the detector to produce 
an electrical signal. The process of ramping the RF occurs very quickly on a 
millisecond time scale.  
 Another feature of the QIT is the ability to perform tandem mass 
spectrometry (MS/MS) experiments on the analyte of interest. Using an ion’s 
secular frequency will allow isolation of a particular m/z value in the QIT. Isolation 
of a particular m/z value can be completed by first ramping the RF to a particular  
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Figure 1.13:  Quadrupole Ion Trap mass analyzer. 
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value as to eject all ions below the target m/z value. Next, application of a 
broadband waveform is applied to remove all remaining ions in trap above the 
target m/z value. Once the ion of interest is isolated in the QIT, a supplemental 
RF will be applied through the end caps to provide kinetic energy (KE) to the 
isolated ion. This supplemental RF will excite the isolated ion to cause more 
interactions with the helium bath gas, causing fragmentation of the isolated ion. 
These fragments will then be ejected from the trap and detected by the detector. 
The above process will allow fragmentation data to be obtained with the analyte 
of interest, which can be used to help identify or confirm identity of a compound 
(19, 33-36).  
 After analytes have been ionized and passed through the mass analyzer, 
ions will be converted to an electrical signal by the instruments detector. The type 
of detector used in this research was an electron multiplier as seen in figure 1.14. 
The operation of an electron multiplier occurs first by having the ion beam or 
ejected ion strike a conversion dynode to convert the ion into an electron. The 
converted electron will then be funneled to another dynode to cause amplification 
of the original electron signal (19). This process is repeated to produce a signal, 
which is reported in the instrument readout.  
 
1.5 Atmospheric Pressure Ionization 
 Another type of ionization utilized was atmospheric pressure ionization 
(API). For many years, the most widely used ionization method in mass 
spectrometry was EI. Use of EI still holds a valuable place in mass spectrometry,  
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Figure 1.14:  Electron multiplier detector used with 
MS 
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but is limited by the types of analytes that can be ionized by this method. 
Typically, compounds being analyzed by EI are placed in a nonpolar solvent prior 
to analysis by GC/MS, whereas most biological molecules are soluble in an 
aqueous-based solvent (25). Advances in mass spectrometry have allowed the 
ionization of more aqueous based compounds with the use of API. Use of mass 
spectrometry in clinical applications has allowed utilization of API sources to 
increase in the last 20 years. One of the first API sources and most widely used 
today is electrospray ionization (ESI) (37, 38). Because of the widely accepted 
use of API sources in mass spectrometry, many other sources have also been 
developed. These include desorption electrospray ionization (DESI), direct 
analysis in real time (DART), atmospheric pressure chemical ionization (APCI), 
and sonic spray ionization (SSI) (39-41). A brief discussion on electrospray 
ionization will follow.   
The most common type of API used is electrospray, which was first 
developed by John Fenn in 1989. During the electrospray process, a charged 
droplet is transported through many columbic explosions as it travels towards the 
entrance of the mass spectrometer, producing an ionized species (37). As with 
chemical ionization, electrospray is a soft ionization technique that produces little 
fragmentation and allows the analysis of intact molecules. Another advantage of 
electrospray is the ability to analyze biological compounds in aqueous matrices.  
 The electrospray process begins with analytes eluting from the liquid 
chromatography or infusion system and traveling through a needle with an inner-
diameter of 100-200 µm. A potential from a high voltage power supply is placed 
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on the needle to produce a redox electrochemical process to develop a small 
droplet that will travel towards the inlet of the mass spectrometer (42). When 
electrospray is carried out in positive mode, oxidation occurs at the electrospray 
needle with reduction occurring at the inlet to the mass spectrometer (43). 
Throughout this process, cations will start to form around the tip of the 
electrospray needle, and begin to break off towards the inlet capillary of the mass 
spectrometer. Clusters of cations will start to break-off the electrospray needle, 
creating droplets that travel towards the mass spectrometer, creating a Taylor 
cone (see figure 1.15) (19). Also around the electrospray emitter needle is 
another capillary that delivers nitrogen sheath gas, which is used to help facilitate 
evaporation of the droplets as they travel towards the mass spectrometer (38). 
After ionization, a mass analyzer and detector will manipulate and detect the ions 
as previously described. Advances in API still appear today; with paper spray 
ionization a recent development in API sources that operates in a process similar 
to ESI.  
 Paper spray ionization was first introduced in 2010 by Wang et al. for the 
analysis of dried blood spots (44). Use of paper spray ionization replaces a 
traditional ESI spray head with a piece of filter paper cut into a triangle. High 
voltage, along with sample and solvent will then be applied to the filter paper 
causing formation of a Taylor cone at the tip of the filter paper. This will spray 
directly into the inlet of the mass spectrometer. Use of capillary action as a 
sample introduction method utilized in paper spray mass spectrometry was also 
introduced by John Fenn in 2001 (45). Typically, traditional solvents systems  
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Figure 1.15:  Taylor cone produced during ESI 
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used in reverse phase liquid chromatography can be used with paper spray mass 
spectrometry, but use of non-polar solvents have also been utilized (46). Figure 
1.16 shows an image of the paper spray apparatus used in this research. 
 
1.6 Solid Phase Microextraction 
 Prior to separation and analysis, most samples will require a sample 
preparation technique to extract the analytes of interest from a sample matrix. 
Throughout the analytical process, sample preparation tends to be the longest 
step and has the potential for greatest analyte loss. Over the years, sample 
preparation techniques have developed to produce faster and more effective 
means for removal of analytes from a sample matrix. Some of the more 
traditional sample preparation techniques include use of Soxhlet extraction and 
traditional liquid-liquid solvent extraction. These types of extraction techniques 
are considered an exhaustive extraction because the goal of the extraction is 
complete removal of the analyte from the sample matrix. Use of exhaustive 
extraction techniques tends to require large amounts of solvent and require 
greater sample handling for extraction of the analyte. Use of modern exhaustive 
extraction techniques such as solid phase extraction (SPE) has assisted to 
reduce the amount of solvents needed for complete removal of the analyte from 
its matrix, but still require use of hazardous solvents. An alternative type of 
extraction technique is use of a non-exhaustive extraction, allowing for removal 
of analyte and requiring use of smaller amounts of hazardous solvents (47).  
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Figure 1.16:  Paper Spray ionization source  
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 The goal of a non-exhaustive extraction technique is to only remove a 
portion of the analyte, instead of the complete removal of the analyte from a 
sample matrix. An extraction technique that utilizes a non-exhaustive extraction 
is solid phase microextraction (SPME). Solid phase microextraction removes an 
analyte from a sample matrix by creating an equilibrium between the SPME fiber 
and the analyte of interest. This will allow removal of a portion of the analyte 
compared to a complete removal from the sample matrix. Figure 1.17 and 1.18 
shows a picture of a SPME fiber and manual fiber holder used to manipulate the 
fiber. As seen in figure 1.17 the SPME fiber is housed in a needle to protect the 
coating of the fiber and allow piercing through a septum. Since GC is one of the 
major analytical techniques used with SPME, this needle will allow an easy 
method to expose the SPME fiber into a hot injection port for desorption of the 
analyte into the GC system. One potential issue with SPME is the possibility of 
coring a hole in the septum of the GC. Some GC instruments allow modification 
for a septum less injection port to reduce the chance of coring a hole into the 
septum (48). To expose the SPME fiber, a plunger is depressed through the z-
slot where it can be held to reveal the SPME fiber for the desired length of time 
 A detailed discussion on the mechanism of SPME extraction follows. 
Utilizing the Law of Mass Conservation of a 2-phase system consisting of the 
sample to be extracted and the SPME fiber the following equation can be written. 
𝐶!𝑉! = 𝐶!!𝑉! + 𝐶!!𝑉!    Equation 1.3 
In equation 1.3, 𝐶!! and 𝐶!! are equilibrium concentrations of the SPME fiber and 
the sample respectively. 𝐶! is the analyte concentration in the sample, and V is  
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Figure 1.17: Solid phase microextraction fiber 
housed in a stainless steel needle 
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Figure 1.18: Manual solid phase microextraction 
holder with SPME needle at the bottom. 
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the volume. The equation for the distribution coefficient (Kfs) between the SPME 
fiber coating and the sample will also be used.  
𝐾!" =
!!
!
!!!
     Equation 1.4 
Combining equation 1.3 and 1.4 will provide the following equation. 
𝐶!! = 𝐶!
!!"!!
!!"!!!!!
    Equation 1.5 
The number of moles of analyte can then be calculated by the following equation. 
𝑛 = 𝐶!!𝑉! = 𝐶!
!!"!!!!
!!"!!!!!
   Equation 1.6 
As can be seen in equation 1.6, the amount of analyte extracted by the coating of 
the SPME fiber is directly proportional to the analyte concentration in the sample. 
In most SPME extractions, the sample volume is very large compared to the 
volume that can be extracted by the SPME fiber coating. Because of the large 
difference between the two values (𝑉! ≫ 𝐾!"𝑉!) equation 1.6 can be simplified to. 
𝑛 = 𝐾!"𝑉!𝐶!     Equation 1.7 
Equation 1.7 can be very useful when the sample volume is unknown. The above 
equations hold true as long as the sample and the SPME fiber are in equilibrium 
(47).  
 Solid phase microextraction can be used to remove analytes from either a 
solid, liquid, or gas phase mixtures, with most SPME uses with liquid or gas 
phase types of matrices. One of the first uses of SPME was the analysis of 
contaminants in water samples (49-51). The commercial availability of SPME 
fiber coatings has drastically increased the use of SPME in an array of chemical 
applications. Traditional SPME fibers were made of fused silica with only 
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polydimethylsiloxane (PDMS) as a fiber coating. The main advantage of using 
fused silica is the inertness of this material, thus reducing the possibility for 
unintended chemical interactions taking place between the sample and the fiber 
coating. One of the major drawbacks is how fragile fused silica can be, 
increasing the chance of fiber breakage. Because of the fragile nature of fused 
silica, other fiber cores have been introduced to create a more robust SPME 
fiber. Stableflex is a polymer that can be added to a fused silica core to enhance 
the structural integrity of the SPME fiber. A major drawback of this polymer is the 
upper temperature limit of this material is 320 °C. To handle the issue of 
temperature limitations, a third type of fiber coating was developed. Use of a 
nonferrous metal fiber core provided the added structural integrity and can be 
exposed to temperatures up to 450 °C. In addition to a variety of SPME fiber 
cores available, numerous fiber coatings are also commercially available. Figure 
1.19 shows the chemical structures of the different types of polymers typically 
used in SPME fibers. Each of these compounds allows extraction of different 
types of analytes. Often fiber coatings are combined to provide a wide range of 
compounds that can be extracted. Because of the variety of SPME fibers 
available, SPME has found use for numerous analytical applications (52).  
Utilization of SPME provides many advantages compared to other sample 
extraction techniques. One of the main advantages is that SPME can be called 
“green chemistry” because of the ability to extract an analyte without the use of 
hazardous solvents. This not only reduces lab personnel exposure to hazardous 
solvents, but also lowers the cost to the lab by reducing the amount of  
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Figure 1.19:  Different solid phase microextraction 
polymers that can be used on SPME fibers. 
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hazardous waste produced. Another advantage of SPME is a typical extraction 
can be completed much faster than many traditional exhaustive types of 
extraction methods. Solid phase microextraction can also be used with most GC 
systems with little to no modifications.   
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Chapter 2:  Development of a Method for the Extraction of Organic Gunshot 
Residue from Articles of Clothing by Solid Phase Microextraction 
 
2.1. Introduction 
 Analysis of gunshot residue (GSR) has traditionally focused on the 
identification of inorganic compounds containing the characteristic elements lead, 
barium, and antimony. The method of choice for identification of inorganic GSR 
particles has been scanning election microscopy with energy dispersive x-ray 
(SEM-EDX) analysis, which provides two essential pieces of information for 
determination of GSR (2). First, the SEM image allows the analyst to scan a 
sample for spherical shaped objects, which are characteristic of rapidly vaporized 
and surface condensed inorganic particles. Second, elemental analysis obtained 
by the EDX provides chemical signatures for lead, barium, and antimony found 
within the spherical particles (53). Determination if a sample contains GSR 
requires positive results from both tests. Analysis for GSR by SEM-EDX has 
been the established method utilized for many decades within our legal system, 
but as with many analytical techniques there are potential drawbacks (54).  
 Some disadvantages with use of SEM-EDX for analysis of GSR can be 
the amount of time required to process a sample for determination of GSR. 
Depending on the sample size, multiple hours may be required to complete 
examination of a single piece of evidence. Automation has reduced the amount 
of time an individual is required to be present, but results must still be confirmed 
by an analyst because of the possibility of obtaining a false positive result (54). 
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Another technique that has been used to help expedite the process for 
determination if a sample contains GSR is use of colorimetric presumptive tests. 
 Use of colorimetric presumptive tests allows an analyst to obtain a quick 
determination if a sample contains GSR particles. There are two main 
presumptive tests widely used for the determination of GSR. The first test is the 
Modified Griess Test, which changes color in the presence of nitrates within a 
sample (55). A second presumptive test—the Sodium Rhodizonate Test—
detects for the presence of metals, in particular lead, barium, and antimony in a 
sample (56). One of the main advantages of using a colorimetric test is the speed 
at which a test can be completed, usually in a few of minutes. A major drawback 
with the use of colorimetric tests is the loss of specificity with the results. 
Chances of obtaining a false positive are much greater when using a 
presumptive colorimetric test compared to a more precise analytical technique. 
The Modified Griess test will react with any compound containing nitrates, as the 
Sodium Rhodizonate test will react with any compound containing the elements 
of lead, barium, or antimony (2). Tests with a higher degree of specificity will still 
be needed to confirm results obtained from presumptive tests (57).  
 Besides use of SEM-EDX and colorimetric tests, other less common 
techniques have also been utilized for the detection of inorganic GSR. Some of 
these techniques include the use of atomic absorption spectroscopy (AAS), 
neutron activation analysis (NAA), and inductively coupled plasma-mass 
spectrometry (ICP/MS). Use of these techniques will allow for a much higher 
level of sensitivity, but are not as commonly used for the analysis of GSR 
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evidence (58-62). The lack of acceptance with these techniques for 
determination of GSR can be attributed to the significant sample preparation 
required prior to analysis, along with the fact that many of these instruments are 
not normally found in smaller crime laboratories.  
 Many of the techniques listed above primarily rely on the determination of 
heavy metals from particles of GSR. Recent health concerns with exposure to 
heavy metals have caused some firearm ammunition manufactures to change 
compositions of their products. Exposure to heavy metals such as lead from 
ammunition primers can produce health issue for individuals who work or are 
frequent guests of indoor shooting ranges. The amount of lead an employee can 
be exposed to has been set by the Occupational Health and Safety 
Administration (OSHA) to a level of 30 µg/m3 (63). Lead also has the potential to 
accumulate in the body, thus exposure must be monitored to prevent 
neurological and/or other health related issues (14, 64). Removal of these 
characteristic heavy elements renders SEM-EDX less effective for the analysis of 
GSR and requires establishment of alternative approaches for GSR analysis. 
Some alternative approaches are focusing on the analysis of organic gunshot 
residue (OGSR), which are found within the primers and propellants of firearm 
ammunition.  
 Numerous analytical techniques have been employed for the analysis of 
OGSR, including the use of capillary electrophoresis and Raman spectroscopy 
(65-68). Other more common techniques utilizing liquid chromatography (LC) 
coupled to a variety of detectors have also been used for the analysis of OGSR 
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(69, 70). The addition of mass spectrometry (MS) to LC methods has allowed 
more sensitive and selective results to be obtained (10, 12, 14, 71). An 
alternative, more cost effective approach for analysis of OGSR is the use of gas 
chromatography (GC) instead of LC separation systems. A variety of detectors 
has also been coupled to GC for analysis of OGSR, including gas 
chromatography-mass spectrometry (GC/MS), gas chromatography-thermal 
energy analysis (GC/TEA), and gas chromatography-nitrogen phosphorus 
detector (GC/NPD) (72, 73).  
 Extraction of OGSR can be completed with a variety of different methods. 
Some of these methods include use of traditional solvent extractions where an 
analyte is exhaustively extracted from a sample matrix. An issue with use of 
exhaustive extractions is the requirement for large amounts of hazardous 
solvents, thus increasing solvent exposure to lab personnel. An alternative to 
performing a solvent extraction would be use of similar methods utilized for the 
extraction of accelerants in fire debris samples. During an arson investigation, a 
sample is placed in an unlined stainless steel can, sealing the volatile 
components of the sample until ready for analysis. This traps accelerant vapors 
in the headspace of the can. After the sample has been transported back to the 
lab, a passive headspace extraction can be performed for removal of the volatile 
accelerants.  
Headspace extractions for determination of accelerants in fire debris 
samples are completed by different extraction methods, with the most common 
choice utilizing an activated charcoal strip. An activated charcoal strip is 
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suspended in the headspace of the sealed can with the sample. Heat is then 
applied to push the volatile analyte into the headspace allowing extraction. After 
completing the extraction, the charcoal strip is then removed and placed in a 
solvent for removal of accelerants from the charcoal strip. Typically, carbon 
disulfide (CS2) is the choice of solvent used with this type of extraction, but other 
solvents can also be utilized (74-77). As with any analytical method, there are 
some drawbacks with this technique. To place the activated charcoal strip in the 
headspace of the container, the seal of the can must be broken. This can lead to 
a potential loss of volatile analytes already present in the headspace of the 
container. Another issue is the use of hazardous solvents for extraction of the 
analytes from the activated charcoal strip. This will expose lab personnel to 
hazardous solvents and will create the need to properly dispose of these solvents 
after completion of the extraction.  
Another approach continuing to utilize a passive headspace extraction for 
removal of accelerants in fire debris samples is the use of SPME (78). To 
perform a SPME, the SPME fiber is first placed in the headspace of the sealed 
container through a septum on the top of the sealed can. The sealed container is 
then heated to push the equilibrium of the volatile analytes into the headspace. 
Next, the SPME fiber is exposed to the headspace of the sealed container for 
extraction of the volatile analytes. The SPME fiber is then placed into the hot 
injection port of the GC for desorption of the analytes off the SPME fiber and onto 
the head of the GC column (79). Use of SPME allows the analyst to perform a 
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headspace extraction without the need for hazardous solvents or the potential for 
analyte loss from opening a sealed fire debris can.  
During a typical headspace (gas phase) extraction, multiple chemical 
equilibria occur. At least three potential equilibria can result during a SPME 
extraction with a sample contained in a sealed vessel. The first equilibrium is 
between the sample and the headspace of the container. Factors such as 
concentration and vapor pressure of the analyte will dictate how much and which 
direction the equilibrium will be shifted. The second equilibrium is between the 
SPME fiber and the headspace of the container. The direction of this equilibrium 
will be determined by the affinity of the analyte for the SPME fiber. The third 
equilibrium is between the wall of the container and the headspace of the 
container. Normally a nonreactive container will be used during a SPME to 
minimize this equilibrium.  
To provide the most efficient extraction, heating the sample can help shift 
the equilibria of the analyte towards the headspace of the container. This places 
a high concentration of the analyte in the headspace of the container allowing 
extraction of the analyte by the SPME fiber (80). Care must be taken, not to heat 
the system too high because of the potential to push the equilibrium off the 
SPME fiber and back in to the headspace of the sealed vessel, causing reduced 
extraction of the analyte. Because of the occurrence of multiple equilibria, several 
variables must be considered when developing a SPME extraction protocol. 
These variables include the optimization of the sample temperature, fiber 
exposure time, and fiber desorption temperature. Research completed by Chang 
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et al. demonstrated use of a multivariate experimental design to optimize the 
extraction of smokeless powders and compared compounds associated with 
different brands of firearm ammunitions (81). All of these SPME variables are 
relatively unique and specific to analytes and the matrix they are in (such as 
clothing) and must be optimized experimentally (47, 82).  
Use of SPME for headspace analysis with GC/MS is becoming more 
common in analytical laboratories. This is potentially because SPME can easily 
be coupled to a GC with little or no modification to the instrument (49, 83). 
Automation has also increased use of SPME in analytical laboratories that have 
high sample volumes (84). Much of the research to date has focused on the 
removal of OGSR from spent ammunition cartridges or the analysis of individual 
particles from smokeless powders (73, 85). Use of SPME for the extraction of 
OGSR is still relatively new with previous methods only demonstrating the 
extraction of spent ammunition cartridges or the use of partially burnt or neat 
smokeless powder for analysis. Attempts have not been made for the removal of 
OGSR on articles of clothing. Detection of OGSR on articles of clothing has 
potential to place an individual in proximity of a discharged firearm.  
 
2.2. Materials and Methods 
Materials 
 All live fire experiments were carried out at a local shooting range. The 
firearm used was a Smith and Wesson Sigma S-series SW40VE (Springfield, 
MA). Ammunition was 40 caliber Remington UMC (Lonake, AR) and Herter’s 
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Select Grade (Lewiston, ID). Samples were stored in pint, quart, or gallon unlined 
stainless steel cans from SPEX Forensics (Edison, NJ), equipped with a septum 
closure. A 10 x 10 cm. 100% cotton cloth was used to mimic clothing worn by an 
individual. A single individual fired the weapon, holding the firearm with two 
hands. All solvents were ACS grade purchased from Fisher Scientific (Waltham, 
WA). Standards of 2,4-dinitrotoluene (2,4-DNT), diphenylamine (DPA), and ethyl 
centralite (EC) were purchased from Chem Service (West Chester, PA). Other 
standards of nitroglycerin (NG) and a single base gunshot residue (SBGSR) 
standard were purchased from Cerilliant Analytical Reference Standards (Round 
Rock, TX). Compounds included in the SBGSR standard include:  Dimethyl 
phthalate (DMP), DPA, 2-nitrodiphenylamine (2N-DPA), 4-nitrodiphenylamine 
(4N-DPA), 2,2`-dinitrodiphenlyamine (2,2`N-DPA), 2,4-dinitrodiphenylamine 
(2,4N-DPA), 2,4`-dinitrodiphenylamine (2,4`N-DPA), 4,4`-dinitriodiphenylamine 
(4,4`N-DPA), and N-nitrosodiphenylamine (N-NDPA).  
 
Instrumentation 
Gas Chromatography-Mass Spectrometry 
 A Shimadzu QP 5000 single quadrupole GC/MS (Kyoto, Japan) with a 
J&W Scientific DB-5MS, 30m, 0.25mm, 0.25µm GC column (Santa Clara, CA) 
was used for separation and analysis. Also, used was a Varian Saturn 3 GC/MS 
quadrupole ion trap (QIT) (Palo Alto, CA), with a Restek Rxi-5ms, 30m, 0.25mm, 
0.25µm GC Column (State College, PA). A splitless GC method was used for 
both instruments with a 1-minute sampling time. The GC method temperature 
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program begins at 35 °C and holds for 2-minutes, followed by the oven ramping 
from 35 °C to 280 °C at a rate of 10 °C/min. and holding for 15-minutes. Total 
method run time was 41.5 minutes. Both full-scan and selection ion monitoring 
(quadrupole mass filter) or an ion isolation (quadrupole ion trap) mass 
spectrometry methods were used.  
 
Solid Phase Microextraction (SPME) 
 A manual solid phase microextraction (SPME) holder with a 75 µm 
Carboxen-PDMS (polydimethylsiloxane) and a 65 µm divinylbenzene (DVB)-
PDMS SPME fibers from Supelco (St. Louis, MO) were used for extraction of 
OGSR compounds. SPME fibers were conditioned after each analysis by the 
manufacturers recommended method. A blank full-scan chromatogram was 
obtained prior to each OGSR extraction to ensure no carryover was present on 
the SPME fibers.  
 
Sample Collection 
 A 10 x 10 cm 100% cotton cloth was taped onto a range target to obtain 
OGSR samples. Cotton cloths were also placed on a bench around the 
discharged firearm to collect samples. After exposure of the cloths to a 
discharged firearm, cloths were placed in sealed can and stored at 4°C until 
analysis. Passive headspace analysis with SPME was utilized to extract OGSR 
from the cloth samples. Spent ammunition cartridges were also collected and 
placed in a sealed container for later solvent extraction and analysis.  
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OGSR Extraction and Analysis 
 A typical analysis consisted of OGSR samples placed in sealed cans until 
ready for extraction. Cans with samples were then heated to 125°C in an oven. A 
SPME fiber was then inserted through a septum in the top of the cans, and 
exposed to the headspace for 15-minutes to allow extraction of the OGSR from 
the cloth sample. The SPME fiber with OGSR was then desorbed in the hot 
injection port of the GC/MS for separation and analysis. Spent ammunition 
cartridges were extracted by submersion in methylene chloride with ultrasound 
extraction for 15-minutes. The methylene chloride was then evaporated and the 
remaining OGSR residue concentrated to 100 µL with methylene chloride. One 
microliter of the methylene chloride was injected for analysis by GC/MS. Data 
from the SIM GC/MS acquisitions were converted into complied SIM ion 
chromatograms by exporting individual SIM ion chromatograms for the most 
abundant ions into .CSV files and then assembled into one compiled 
chromatogram using Microsoft Excel (Redmond, WA).  
 
2.3. Results and Discussion 
2.3.1 Compounds Associated with OGSR 
 Compounds associated with OGSR have many structural similarities to 
explosive compounds. An extensive list of the most common type of organic 
compounds associated with firearm ammunition has been created by Dalby et al. 
(4). The type and concentration of these organic compounds will vary with 
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individual brands of firearm ammunitions. Focusing on compounds present in 
most firearm ammunitions will provide a more manageable list when determining 
if a sample contains OGSR. Compounds found in the majority of firearm 
ammunitions include the propellant nitroglycerin and the stabilizers DPA and EC. 
Other less common organic compounds that could be present include DMP and 
2,4-DNT. Chemical structures of the most common organic compounds present 
in firearm ammunitions are provided in Figure 2.1 and 2.2. Figure 2.1 also 
provides the structure of 2-nitro-para-xylene that was used as an internal 
standard (IS). This compound was chosen as an internal standard because of 
the structural similarities it has with other OGSR compounds and a retention time 
that does not interfere with other compounds of interest. Figure 2.2 provides the 
structures of DPA and many derivatives that might also be present in firearm 
ammunitions (See chapter 1 for descriptions of how DPA derivatives form in 
firearm ammunition). The compounds present in Figures 2.1 and 2.2 are major 
OGSR compounds that will be focused on for the determination of OGSR in a 
sample.  
 After establishing the major compounds present in most firearm 
ammunitions, determination of the retention times when a compound elute from 
the GC column was completed. Purchasing standards of major OGSR 
compounds and using extraction of spent ammunition cartridges were used for 
determination of retention times. Standards were purchased for all the  
 
   52 
Figure 2.1:  Chemical structures of the OGSR structures Ethyl 
Centralite, Nitroglycerin, Dimethyl Phthalate, 2,4-Dinitrotoluene, and the 
internal standard 2-Nitro-p-Xylene.  
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Figure 2.2:  Chemical structures of the OGSR compounds that are 
derivatives of DPA. Included structures: Diphenylamine, 2-
Nitrodiphenylamine, 4-Nitrodiphenylamine, 2,2`-Dinitrodiphenylamine, 
2,4`-Dinitrodiphenylamine, and 2,4-Dinitrodiphenylamine. 
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compounds in figure 2.1 and 2.2. Chromatogram and corresponding table from 
the purchased standards are in figure 2.3 and table 2.1. Electron impact (EI) 
mass spectra of the purchased OGSR standards are provided in figure 2.4-2.7, 
demonstrating the fragmentation pattern associated with each OGSR compound. 
Other minor compounds were also determined by the extraction of spent 
ammunition cartridges from test firings. Extractions of spent ammunition 
cartridges also provided information as to the specific OGSR compounds present 
in particular brands of firearm ammunition. Spent ammunition cartridges were 
placed in a sealed container after ejection from the firearm to be extracted back 
at the lab. Previously described methods employed the use of ultrasonic agitation 
for extraction of the organic compounds from spent ammunition cartridges (86). 
 Figure 2.8 provides the full-scan chromatogram for the Remington brand 
spent ammunition cartridge. Main compounds present in the Remington 
chromatogram are the stabilizer DPA and the propellant NG. Other organic 
compounds extracted were hexanedioic acid, dioctyl ester and decanedioic acid, 
bis(2-ethyhexyl) ester. The compounds hexanedioic acid and decanedioic acid 
are unique compounds associated with the Remington brand of ammunition and 
were not present in other brands of ammunition. Other minor compounds present 
are hydrocarbons peaks in much lower intensities. Extraction of other spent 
ammunition cartridges from a variety of ammunition brands will provide more 
information as to which minor compounds might be present in specific firearm 
ammunition. 
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Figure 2.3:  Full-scan total ion chromatogram of OGSR standards 
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Table 2.1:  Table of OGSR compounds of interest. Included are the retention 
time (RT), name, abbreviation, CAS number, and the molecular weight of each 
OGSR compound.  
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Figure 2.4: Electron ionization of OGSR compounds nitroglycerin and the 
internal standard 2-Nitro-p-Xylene.  
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Figure 2.5:  Electron ionization of OGSR compounds dimethyl phthalate and 
2,4-dinitrotoluene. 
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Figure 2.6:  Electron ionization of OGSR compounds diphenylamine and ethyl 
centralite 
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Figure 2.7:  Electron ionization of OGSR compounds 2N-nitrodiphenylamine 
and 4N-nitrodiphenylamine. 
 
   61 
  
Figure 2.8:  Extraction ion chromatogram of a spent Remington ammunition 
cartridge extracted with methylene chloride.  
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2.3.2 Extraction of OGSR by SPME 
 One of the first questions to be answered is how well can SPME extract 
OGSR utilizing a passive headspace extraction? Headspace analysis was 
performed in a similar manner as an investigation for accelerants in fire debris 
(76). Unlined fire debris cans were purchased and a septum enclosure was fitted 
to the top of each can. Figure 2.9 shows a picture of the fire debris can used. 
Utilization of fire debris cans in a similar method as an arson investigation will 
allow a cloth sample to be sealed into a can and stored until ready for analysis 
(See chapter 2 introduction). Sealing a sample in a can will reduce the chance for 
loss of volatile OGSR compounds prior to analysis. After a sample is placed in a 
fire debris can, heat will be applied to the can and the SPME fiber will be inserted 
through the septum for extraction of volatile OGSR compounds.  
 For determination if OGSR can be extracted by SPME, a 100% cotton 
cloth was spiked with 5 µg each of the OGSR compounds 2,4-DNT, DPA, and 
EC. The spiked cloth was then placed in a sealed can and heated to push the 
equilibrium of the OGSR compounds from the cloth into the headspace of the 
sealed can. A SPME fiber was then exposed to the headspace of the sealed can 
for extraction of the 3 spiked OGSR compounds. Figure 2.10 shows the full-scan 
chromatogram obtained from the extraction of the 3 spiked OGSR compounds by 
SPME.  
 As seen in figure 2.10, many other peaks are present in the chromatogram 
along with the spiked OGSR compounds. Retention times 17.52, 18.78, and 
21.93 minutes corresponds to the OGSR compounds 2,4-DNT, DPA, and EC 
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Figure 2.9:  Picture of pint, quart, and gallon fire 
debris can with spectrum enclosures used to store 
and extract OGSR samples.  
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Figure 2.10:  Full-scan total ion chromatogram of the 3 spiked OGSR 
compounds 2,4-dinitrotoluene, diphenylamine, and ethyl centralite.  
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respectively. Obtaining this full-scan chromatogram provides two valuable pieces 
of information. First, it demonstrates that SPME can extract OGSR from a cloth 
by headspace analysis. Second, the chromatogram shows a large amount of 
other non-targeted contaminants also extracted by the SPME fiber.   
To determine the source of the other non-targeted contaminants in figure 
2.10, other additional experiments were conducted. First, a SPME extraction was 
completed on new empty stainless steel cans for determination if the source of 
the non-targeted contamination was the fire debris cans. This extraction was 
completed in the same manner as if a cloth sample was being stored in the can. 
Figure 2.11, shows a blank chromatogram obtained from this experiment, 
indicating the contamination peaks are not from the fire debris can. Another 
possible source of contamination is the cloth used to spike the OGSR 
compounds.  
A second experiment was conducted by placing a new 100% cotton cloth 
in a sealed can and completing an extraction by SPME. Figure 2.12 shows the 
chromatogram obtained from the extraction of a blank cloth. The full-scan 
chromatogram of the blank cloth shows the presence of numerous extra peaks 
compared to the extraction of the blank can, demonstrating the source of the 
non-targeted contamination peaks as the cloth used to spike the OGSR 
compounds.  
Processing involved with textiles, such as the 100% cotton cloths, 
potentially include use of volatile compounds, which are still in the fabric 
postproduction. Many of the peaks present in figure 2.12 have mass  
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Figure 2.11:  Full-scan total ion chromatogram of a blank fire debris can 
without any sample.  
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Figure 2.12:  Full-scan total ion chromatogram of a blank cloth without 
any OGSR compounds on it. 
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spectra consistent with hydrocarbons, indicating the source of the non-targeted 
contamination peaks as the 100% cotton cloths. To confirm the results in figure 
2.12, the experiment was repeated, but without the application of heat during the 
extraction. Figure 2.13 shows the full-scan chromatogram of a blank cloth with no 
heat applied during the extraction. The lack of peaks present in Figure 2.13 
demonstrates that when a 100% cotton cloth is heated, volatile compounds are 
being released into the headspace and are extracted by the SPME fiber, causing 
extraction of non-targeted compounds from the 100% cotton cloth. With this 
contamination, there is potential for the intensity of the OGSR compounds to be 
overwhelmed by the high intensity associated with non-targeted contamination 
present on the 100% cotton cloths. To alleviate this issue, a selection ion 
monitoring (SIM) mass spectrometry method was created to detect trace 
amounts of OGSR compounds that might be present in a sample.  
Creation of a SIM mass spectrometry method will allow for a more 
selective analysis by only allowing certain m/z values to pass through the mass 
analyzer to the MS detector (see Chapter 1 for more details about the SIM 
method). Table 2.2 shows the compounds and their respective ions monitored in 
the SIM method. This list was created by the use of known OGSR standards or 
by the extraction of spent ammunition cartridges. The first ion monitored (labeled 
as 1 m/z in table 2.2) was the most abundant ion present in the full-scan mass 
spectrum when a standard or cartridge extract was analyzed and will be used for 
quantification purposes. Other ions (labeled 2 m/z-5 m/z in table 2.2) were 
monitored to confirm the identification of compounds when they eluted from the 
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Figure 2.13:  Full-scan total ion chromatogram of a blank cloth without any 
OGSR compound on it and no heat applied while the SPME fiber was 
exposed. 
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Table 2.2:  Table of the selected ion monitoring (SIM) mass spectrometry 
method used in used in earlier experiments with the quadrupole mass filter 
mass analyzer.  
 
   71 
GC column. As the project progressed, more knowledge allowed for the creation 
of a more focused list of compounds present in OGSR samples. Table 2.3 shows 
an updated SIM table including a new list of compounds that were focused on.  
Since SPME is an equilibrium method, use of an internal standard was 
employed to compensate for degradation of the SPME fiber over time. Use of an 
internal standard also aids with possible reproducibility issues associated with 
using a SPME extraction. 2-nitro-para-xylene was chosen as the internal 
standard because of the structural similarities it shares with other OGSR 
compounds and because its retention time (14.01) from the GC does not 
interfere with other compounds of interest. Figure 2.14 shows the full-scan mass 
spectrum of 2-nitro-p-xylene and the fragmentation pattern associated with this 
compound.  
After selection of 2-nitro-p-xylene as an internal standard, determination of 
the best method to spike this compound on the sample was completed. Two 
methods can be used to spike a sample prior to analysis—externally through the 
septum in the top of the can or internally by breaking the seal of the fire debris 
can and spiking the cloth. A comparison was completed to determine if a 
statistical difference was present in the manner as to how the sample was 
spiked. Six cloths were spiked with 1 µg each of the OGSR compounds 2-EH, 
2,4-DNT, DPA, and EC on the cloth. Three cloths were spiked externally with the 
IS through the septum on the top of the can, and the other three cloths were 
spiked internally by removal of the lid. Data from this experiment is shown in 
Table 2.4.  
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Table 2.3:  Updated table of the selection ion monitoring (SIM) mass 
spectrometry method used in the later experiments with the quadrupole mass 
filter mass analyzer.  
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Figure 2.14:  EI ionization of the internal standard 2-nitro-p-xylene 
demonstrating the fragmentation that occurs under hard ionization.  
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Table 2.4:  Chart containing the data from the internal vs. external spiking of 
the internal standard compound with the fire debris cans. 
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Results demonstrate that there was not a statistically significant difference 
between the internal and external spiking of the internal standard compound at a 
95% confidence interval. Only minor reduction in extraction efficiency of the 
OGSR compounds occurred with removal of the fire debris can lid to spike the 
internal standard compound. Because it is much easier to spike the sample 
externally through the septum, this method was used. Spiking the sample 
externally also reduces the chance of any volatile OGSR compounds loss due to 
removal of the can lid to internally spike the sample.   
 
2.3.3 Optimization of SPME  
Many parameters need to be optimized to obtain an efficient extraction of 
OGSR compounds from a sample. Some of these parameters include 
optimization of the sample temperature during an extraction, and how much time 
is required to expose the SPME fiber for the extraction of OGSR compounds 
from a cloth sample. Additional optimization of desorption temperature was also 
completed to ensure efficient removal of OGSR from the SPME fiber for transfer 
onto the head of the GC column. Throughout each of the SPME optimization 
experiments, 10 µL of a 0.1 mg/mL mixture of DPA, EC, 2,4-DNT, and 2-EH were 
spiked onto a 100% cotton cloth (100 cm2) to give 1µg of each compound on the 
cloth. Individual cloths were then placed in a sealed fire debris can until 
extraction by SPME.  
Application of heat to the sample can assist transfer of OGSR from the 
cloth into the headspace of a sealed can. Two important equilibria were 
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considered during the SPME extraction process. First, was the equilibrium 
between the sample (articles of clothing) and the headspace of the sealed can. 
Addition of heat to the sealed can was expected to shift the equilibrium of OGSR 
into the headspace of the can, thus facilitating extraction by the SPME fiber. 
During heating a second equilibrium is also formed between the SPME fiber and 
the headspace of the can. Addition of too much heat has the potential to 
negatively affect extraction of the OGSR compounds by shifting the equilibrium 
off the SPME fiber and back into the headspace of the can. This will cause a 
reduction of signal with less OGSR compounds being extracted. Therefore an 
extraction temperature was sought that would drive more OGSR into the 
headspace of the can, but not reduce SPME extraction efficiency.  
Temperatures ranging from 25°C to 150°C were used to heat the sealed 
fire debris cans containing the sample in 25°C intervals. Results from these 
experiments demonstrate that heating the sample between 100-125°C provided 
an optimal SPME extraction. Unfortunately, different analytes responded in 
slightly different optimal extraction temperatures. OGSR compounds 2,4-DNT 
and DPA were extracted more efficiently at 100°C, however EC was extracted 
more efficiently at 125°C. Since observations of EC (a unique compound of 
OGSR) occurred at 125°C, this temperature was selected for all subsequent 
SPME extractions. Data for determining the optimal extraction temperature is 
presented in Figure 2.15.  
Out of the 4 OGSR standards spiked on the cloth, 2-EH was the only 
compound showing a greater intensity at a lower extraction temperature. The 
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Figure 2.15: Determination of the optimal extraction temperature that the 
sample is heated for SPME extraction. 
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vapor pressure of 2-EH at 25°C is 0.136 torr. Comparatively the vapor pressure 
of DPA and 2,4-DNT are 6.39 x10-4 and 2.1 x10-4 torr respectively at 25°C (87). 
The greater vapor pressure of 2-EH translates into higher volatility compared to 
other OGSR standards used. Because of this greater volatility, a lower 
temperature will be sufficient to completely volatilize 2-EH off a cloth, but not 
enough to completely volatilize other OGSR compounds from the cloth. Since 2-
EH is a minor component of OGSR results of other major compounds present in 
OGSR carries more weight when determining if OGSR is present.  
After optimization of the temperature required to efficiently extract OGSR 
from a cloth was determined, the amount of time required to expose the SPME 
fiber to the headspace was completed. Insufficient extraction time can result in a 
partial extraction of an analyte leading to reproducibility and quantification issues. 
At the same time, heating the sample and exposing the SPME fiber to high 
temperatures for too long also has the potential to cause damage to the SPME 
fiber, and increase the potential for the analyte to desorb back off the SPME fiber 
and into the headspace of the sealed container. Additionally, an optimized SPME 
extraction time leads to increased sample throughput, allowing more samples to 
be analyzed in a given period of time.  
The length of time exposing the SPME fiber to the heated OGSR spiked 
cloth was varied to determine the optimal amount of extraction time. Extraction 
times ranging from 5 to 30 minutes in 5-minute intervals was tested. Figure 2.16 
shows the results for these experiments. After 15-minutes, the intensity of spiked 
OGSR compounds leveled off, indicating that equilibrium between the SPME 
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Figure 2.16:  Determination of the optimal extraction time required to expose 
the SPME fiber to extract OGSR from a sample.  
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fiber and the analyte was reached. However, at 20-minutes the intensity of EC 
was still slightly increasing, but the intensity of DPA started to decrease, perhaps 
an indication of competitive displacement of DPA with EC. To confirm the results 
that EC had not statistically changed between the 15 and 20-minute time points, 
a Student’s T test was performed on the areas counts of EC. At a 95% 
confidence interval (p value of 0.225), there was no statistically significant 
difference between the results at the 15 and 20-minute time points for the OGSR 
compound EC. Since there was no statistical difference at these 2 time points, 
the 15-minute time point was chosen as the optimal extraction time.  
After OGSR was extracted by the SPME fiber, analytes need to be 
desorbed onto the head of the GC column for separation and analysis. Thermal 
desorption of the SPME fiber followed by chromatographic focusing of the OGSR 
compounds onto the head of the GC column was needed to provide an optimal 
analysis. Obtaining a complete transfer of the OGSR compounds onto the head 
of the GC column also improves the reproducibility of the results by completely 
removing all the analyte off the SPME fiber. Determination of the temperature 
required to completely desorb OGSR from the SPME fiber is the last optimization 
parameter to be established.  
Temperatures of the GC injection port ranging from 150°C to 245°C were 
used in this experiment. The upper temperature limit was determined by the 
maximum temperature the SPME fiber could be exposed without the possibility of 
damaging the fiber. The PDMS/DVB SPME fiber has a maximum temperature 
limit of 250°C, thus creating the upper temperature point for this experiment. 
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Figure 2.17 shows the results from the temperature desorption experiment. The 
highest intensity for desorption of OGSR compounds off the SPME fiber occurred 
at 245°C. However, this temperature has the potential to be too harsh for some 
OGSR compounds. Compounds that contain nitrate esters, such as NG, have 
the potential to decompose at higher temperatures (16). Therefore a temperature 
of 220°C will be used. An injection port temperature of 220°C provides enough  
heat to desorb OGSR compounds off the SPME fiber, but not high enough for 
degradation of compounds containing nitrate esters. However, use of a lower 
temperature has the potential to be insufficient for complete desorption of other 
OGSR compounds. 
 
2.3.4 Comparison of PDMS/DVB and PDMS/Carboxen SPME Fibers 
 Solid phase microextraction fibers are commercially available and can be 
purchased with a variety of different absorbent/adsorbent coatings. A study 
completed by Dalby et al. compared the extraction efficiency of different SPME 
fiber coatings for the analysis of OGSR (69). Results from Dalby et al. 
demonstrated that a PDMS/DVB and a PDMS/Carboxen SPME fiber coating 
provided the most efficient extraction of OGSR compounds. Since this 
application for extraction of volatilized OGSR from articles of clothing is different 
from experiments completed by Dalby et al. a comparison between the DVB and 
Carboxen SPME fibers coatings were completed. One microgram each of 2-EH, 
2,4-DNT, DPA, and EC were spiked onto a 100% cotton cloth and then placed 
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Figure 2.17:  Determination of the optimal desorption temperature to expose 
the SPME fiber in the hot GC injection port to completely desorb the OGSR off 
the SPME fiber.  
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in a sealed fire debris can for SPME extraction. Results from these experiments 
are shown in figure 2.18-2.21. 
Unfortunately, mixed results were obtained from this experiment. Figure 
2.18 and 2.19 indicated that the PDMS/Carboxen SPME fiber extracted 2-EH 
and 2,4-DNT more efficiently. However, figure 2.20 and 2.21 demonstrated that a 
PDMS/DVB SPME fiber extracted DPA and EC more efficiently. A Student’s T 
statistical test indicated that a statically significant difference result between the 
PDMS/Carboxen and PDMS/DVB fiber coatings for the extraction of DPA 
(p<0.05). Even though there was not a statistically significant difference between 
the two SPME fiber coatings for the OGSR compound EC, the graph in figure 
2.21 shows a greater intensity for the PDMS/DVB SPME fiber coating. Since 
DPA and EC are major compounds associated with OGSR, the PDMS/DVB 
SPME fiber coating was chosen for the extraction of OGSR compounds.  
 
2.3.5 Evaluation of SPME OGSR Clothing Extraction Method 
 The proposed method was validated by demonstration of the specificity, 
linearity, limits of quantification, and limits of detection. A quality control chart 
was also created to ensure proper operation of the instrument.  
Specificity 
 Specificity was determined by the analysis of a blank cloth and a trip blank 
sample taken to the shooting range. Two interferences were found with the 
analysis of a blank cloth. Figure 2.22 shows the compiled SIM chromatogram 
that was obtained from a trip blank sample taken from the shooting range. The  
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Figure 2.18:  Comparison of SPME fiber PDMS/DVB and PDMS/Carboxen 
with the OGSR compound 2-ethyl-1-hexanol. 
 
   85 
  
Figure 2.19:  Comparison of SPME fiber PDMS/DVB and PDMS/Carboxen 
with the OGSR compound 2,4-dinitrotoluene.  
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Figure 2.20:  Comparison of SPME fiber PDMS/DVB and PDMS/Carboxen 
with the OGSR compound diphenylamine. 
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Figure 2.21:  Comparison of SPME fiber PDMS/DVB and PDMS/Carboxen 
with the OGSR compound ethyl centralite. 
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Figure 2.22:  Extraction ion chromatogram of a trip blank sample that was 
taken to the shooting range.  
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first interference present is two phthalate peaks of dibutyl phthalate (larger peak) 
and di-n-octyl phthalate in the chromatogram. Phthalates are a known 
environmental contaminant, which explains their presence in both the trip blank 
and the blank cloth samples. Earlier extractions have also demonstrated the 
presence of phthalate in spent ammunition cartridges (see section 2.3.2). 
Because of the presence of phthalate in blank samples and as a known 
environmental contaminant, these compounds are not considered unique 
compounds associated with OGSR, thus identification of OGSR cannot be made 
solely by the observation of phthalates. However, the appearance of phthalates 
can support the presence of other major OGSR compounds such as NG, DPA, or 
EC. 
A second interference present in both the blank cloth and the trip blank 
sample was the appearances of ion m/z 120 at approximately the same retention 
time as the OGSR compound EC. The ion m/z 120 is the most abundant ion 
associated with the OGSR compound EC, and would normally be used as a 
quantification ion. Since the appearance of the ion m/z 120 has approximately 
the same retention time as EC, another ion needs to be used for quantification 
purposes. To compensate for this issue, the next most abundant ion (m/z 148) 
was used for identification and quantification. The next abundant ion for EC (m/z 
148) was not detected in either the trip blank or the blank cloth, allowing the 
identification and quantification using this m/z value. Figure 2.22 shows the m/z 
120 peak at the EC retention time and the phthalate peaks, with no other 
interfering peaks present in the blank samples chromatograms.  
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 As the project progressed, a new GC column was purchased (Restek) 
with the same film thickness, length, and stationary phase as the original. Use of 
this new GC column provided better separation for the analytes of interest. The 
interference ion of m/z 120 no longer coelute with the compound EC, allowing 
use of the most abundant ion (m/z 120) as the quantification ion for EC instead of 
the less abundant m/z 148. This change was updated in Table 2.3.  
Linearity 
 Linearity for this method was determined for the 3 OGSR standards, 2,4-
DNT, DPA, and EC. Different amounts of these standards were spiked on a cloth 
to evaluate the linear range for this method. The compound 2-nitro-para-xylene 
was used as an internal standard to aid in the creation of this linear regression 
analysis by taking the ratio of analyte to internal standard.  
Figure 2.23 shows the graph used for the linear regression analysis for the 
OGSR compound 2,4-DNT. The linear concentration range of 2,4-DNT was only 
2.00 to 20.0 ng/cm2 spiked on a cloth, but still had a coefficient of determination 
(R2) value of 0.99. This is a slightly smaller linear range than the other 2 OGSR 
compounds, but 2,4-DNT is mostly found in rifle and not handgun ammunition. 
Therefore, the possibility of finding this compound is minimal since handguns are 
mostly used in cases involving firearms incidents.  
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Figure 2.23:  Linear regression analyses for the OGSR compound 2,4-
dinitrotoluene. Dashed red lines show 95% Confidence Intervals 
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Data for the linear regression analysis of DPA and EC are provided in 
figure 2.24 and figure 2.25. The linear concentration range for DPA and EC was 
from 0.50 to 20.0 ng/cm2 spiked on cloth. A slightly lower range was obtained for 
these two OGSR compounds compared to 2,4-DNT. The coefficient of 
determination for both compounds was 0.99. The concentration ranges for all 3  
of these compounds are amounts expected to be present in OGSR samples.  
Limits of Detection/Limits of Quantification 
 Determination of the limits of detection (LOD) or the instrument detection 
limit (IDL) was calculated by equation 2.1(88). To determine the limit of 
quantification (LOQ) the LOD was multiplied by 4.  
 
𝐼𝐷𝐿 = (𝑡𝛼)(𝑆𝑇𝐷)    Equation 2.1 
 
IDL and STD are peak area counts from the instrument. The value of tα is taken 
from a one-sided Student’s T table of the degrees of freedom depending on the 
sample size. Equation 2.2 was used to change from area counts to a 
concentration for the LOD. 
 
𝐿𝑂𝐷 = (!"#∗!"#!$#%&'%("#  !"#$  !"  !"#!$#"%&'()
!"#$%&"'  !"#$  !"#$%  !"#$
  Equation 2.2 
 
When using this method to determine the LOD/LOQ values, the concentration 
must be near the LOD to obtain an accurate result. Table 2.5 contains the  
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Figure 2.24:  Linear regression analyses for the OGSR compound 
diphenylamine. Dashed red lines show 95% Confidence Intervals 
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Figure 2.25:  Linear regression analyses for the OGSR compound ethyl 
centralite. Dashed red lines show 95% Confidence Intervals 
 
   95 
  
Table 2.5:  Limit of detection (LOD)/limit of quantification (LOQ) data for the 
OGSR compounds 2,4-dinitroltoluene, diphenylamine, and ethyl centralite 
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LOD/LOQ data. Obtaining LOQ values at these levels will be sufficient to detect 
OGSR on articles of clothing.3.5.4  
Quality Control 
 A quality control (QC) chart was created to ensure the instrument was 
working properly during the time of analysis. Every week, 1 µL of a 0.1 mg/mL 
mixture of OGSR compounds was analyzed and results were plotted in a QC 
chart. The compound 2-EH, 2,4-DNT, DPA, anthracene, and EC were in the 
OGSR mix, along with the internal standard 2-nitro-p-xylene. The ratio of analyte 
to internal standard was used to create the QC chart. Individual OGSR 
compounds have a QC chart and results were be monitored each week. An 
example QC chart is provided in figure 2.26 for the compound EC. The centerline 
of the QC chart is the mean response for the compound EC. The dashed line 
above and below the centerline represents the upper and lower warning limits. 
The value for the creation of the upper and lower warning limits is 2 standard 
deviations of the mean. If a result reaches the warning limit, the analysis can be 
completed, but serves as a warning that something in the system is causing a 
slightly higher or lower response. Usually this occurs if the septum or injection 
liner needs to be replaced. The final solid line at the top and bottom are the 
upper and lower action limits. The value for the upper and lower action limits are 
3 standard deviations from the mean. If a sample fell outside the boundaries of 
the action limits, analysis cannot be continued until the problem has been 
corrected. A value falling outside the action limits indicates a major issue with 
something in the system, and needs to addressed.  
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Figure2.26:  Quality control chart for the OGSR compound 
ethyl centralite 
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2.3.6 Chemical Ionization 
Use of chemical ionization was investigated in an attempt to obtain 
molecular ion information and provide a more selective analysis of OGSR 
compounds. Chemical ionization (CI) is considered a “soft” ionization technique 
compared to electron impact (EI), which is considered a “hard” ionization 
technique (See Chapter 1 for more detailed discussion on chemical ionization 
theory). With the use of soft ionization, molecular weight information can be 
obtained from the analyte of interest. Use of CI with a QIT allows the tandem 
mass spectrometry to obtain fragmentation data. Performing isolation and 
fragmentation of intact molecules can provide more information about the 
structures of these compounds. The ability to isolate a particular ion can become 
useful for compounds such as nitroglycerin that appear highly fragmented under 
hard ionization techniques such as EI.  
 Utilization of CI requires the use of a reagent compound for soft ionization 
to occur. Many different types of reagent compounds can be used for CI, but the 
ability of the reagent compound to donate a proton will determine its usefulness 
as a CI reagent. A numerical value for the proton affinity of compounds has been 
tabulated, but experimentally determining how an analyte will interact with a 
particular CI reagent compound is best. Three different reagent compounds were 
tested to determine which provided the best ionization for the OGSR compounds 
of interest. Acetonitrile, ethanol, and pyridine were tested for determination of 
their ability to be used for CI reagents. Each reagent compound parameters were 
optimized prior to use with OGSR compounds. Figure 2.27 provides data for the  
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Figure 2.27:  Determination of the optimal chemical ionization reagent 
compound. OGSR compounds nitroglycerin, ethyl centralite, and 
diphenylamine were used in this experiment.  
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determination of which CI reagent compound to use with OGSR compounds. 
This experiment was completed by injection of 1 µL of 0.1 mg/mL OGSR solution 
containing NG, EC, and DPA for CI with each reagent compound.   
 Figure 2.27 shows ethanol provided the largest intensity for the 3 OGSR 
compounds NG, EC, and DPA. For proper CI to occur, a transfer of a proton from 
the reagent compound to the analyte must occur. The proton affinity of a 
compound is its ability to loose or “give up” a proton and allow transfer to another 
compound. Having a lower proton affinity means less energy is required to give 
up a proton for chemical ionization to occur. This transfer of a proton will provide 
a protonated molecule [MH]+ to be analyzed and detected by the mass 
spectrometer (19). Out of the 3 reagent compounds attempted, ethanol had the 
lowest proton affinity and thus more easily give up a proton for CI (89).  
 After determination of a reagent compound for use with CI, a standard of 
OGSR compounds was injected to ensure chemical ionization was occurring on 
all OGSR compounds. Figure 2.28 shows the total ion chromatogram for the 
chemical ionization for the OGSR standard compounds mixture. The first 2 peaks 
(RT:12.98 and 14.22) in figure 2.28 corresponds to the internal standard (2-nitro-
p-xylene) and nitroglycerin OGSR compounds. Figure 2.29 provides the mass 
spectrum for 2-nitro-p-xylene demonstrating the m/z 152 that corresponds to the 
chemical ionization with the addition of a hydrogen [MH]+. Figure 2.29 also 
provides the mass spectrum for nitroglycerin. As can be seen in figure 2.29 a 
highly fragmented NG molecule still occurs with chemical ionization, but the 
[MH]+ is present at m/z 228. This demonstrates that chemical ionization did occur  
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Figure 2.28:  Full-scan total ion chromatogram with the use of chemical 
ionization with OGSR standards compounds.  
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Figure 2.29:  Chemical ionization spectra of OGSR compounds nitroglycerin 
and the internal standard 2-nitro-p-xylene.  
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but not as efficiently as would have preferred. Nitroglycerin clearly demonstrates 
the difference between the mechanism of hard and soft ionization. The EI 
spectrum of nitroglycerin (figure 2.4) only showed the fragment m/z 46 present, 
indicating the hard ionization process occurring with EI. Because of the presence 
of many nitrate esters, nitroglycerin is a very unstable compound, proving difficult 
to obtain only the molecular ion as the base peak.  
 The following two peaks in figure 2.28 are the OGSR compounds DMP at 
15.60 minutes and 2,4-DNT at 16.72 minutes. The CI spectra for the compounds 
DMP and 2,4-DNT are in Figure 2.30. Chemical ionization of DMP provided 2 
peaks, with the base peak at m/z 163 and the [MH]+ ion at m/z 195. These two 
peaks represented loss of –OCH3 from the main molecular structure. The OGSR 
compound 2,4-DNT on the other hand showed [MH]+ as the base peak in the 
spectrum, indicating proper CI. The other ion present in the 2,4-DNT spectrum 
(m/z 211) was attributed to the attachment of an ethylene compound from the 
ethanol CI reagent that was used.  
 The next 4 peaks in figure 2.28 belong to the compounds DPA, EC, 2N-
DPA, and 4N-DPA at retention times of 17.83, 21.05, 21.86, 24.60 minutes 
respectively. The CI spectra for DPA and EC are in figure 2.31 and the CI 
spectra for 2N-DPA and 4N-DPA are in figure 2.32. These last 4 compounds all 
show chemical ionization by having [MH]+ ions present as the base peak in their 
spectra, with no other fragmentation ions present. The only compound that 
showed any fragmentation was EC. The EI spectrum of EC (figure 2.6) was 
highly fragmented, with m/z of 120 as the base peak. Comparatively, the soft  
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Figure 2.30:  Chemical ionization spectra of OGSR compounds dimethyl 
phthalate and 2,4-dinitrotoluene.  
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Figure 2.31:  Chemical ionization spectra of OGSR compounds diphenylamine 
and ethyl centralite. 
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Figure 2.32:  Chemical ionization spectra of OGSR compounds 2-
nitrodiphenlyamine and 4-nitrodiphenylamine. 
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ionization spectrum (figure 2.31) only has slight fragmentation at m/z 148. The 
final 3 peaks in figure 2.28 are from other DPA derivative compounds also 
present in the OGSR standard in small amounts. These last 3 compounds also 
showed good chemical ionization occurring with [MH]+ present as the base peak 
in their respective spectra.  
 Use of chemical ionization was an attempt to obtain molecular ion 
information of OGSR compounds, and then use tandem mass spectrometry to 
obtain fragmentation data from those compounds. Use of CI also had the 
potential to create a more selective method to determine OGSR analytes. 
Obtaining molecular data from the CI of nitroglycerin was the main goal of using 
a softer ionization technique, but as can be seen in Figure 2.29, a highly 
fragmented compound was still obtained. Use of CI can be a more selective, but 
not necessarily a more sensitive ionization process compared to EI. The lack of 
sensitivity and not obtaining molecular ion data for important OGSR compounds 
such as NG became a problem when lower levels of OGSR standards were 
analyzed. Isolation of NG also presented many issues because of the low 
intensity that was obtained during CI. Since CI is less sensitive than EI and 
molecular information could not be obtained for NG, it was decided not to use CI 
as a means of analysis for OGSR compounds. The levels of OGSR are expected 
to be in trace amounts on clothing samples, which will prove to be a problem if CI 
was chosen as the means of ionization.  
 
Copyright © Brent A. Casper 2015  
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Chapter 3:  Applications of the Extraction of Organic Gunshot Residue 
from Articles of Clothing by Solid Phase Microextraction 
 
 
3.1. Introduction 
 The previous chapter emphasized on the development of a SPME 
procedure for the extraction of OGSR from 100 cm2, 100% cotton-clothing 
materials. The following chapter will focus on the extraction of OGSR compounds 
from samples exposed to a discharged firearm. Previous experiments were 
conducted under controlled conditions with known amounts of OGSR compounds 
spiked onto articles of clothing. Use of other experiments for the extraction of 
OGSR from cloth samples exposed to a discharged firearm will allow this novel 
extraction method to be investigated under a variety of conditions.  
 Organic gunshot reside has been used with the analysis of GSR to obtain 
a wealth of information. Some of this information can be used to determine if 
there is a correlation between the types of compounds present in OGSR and the 
particular brand of firearm ammunition. Previous studies with the analysis of both 
inorganic and organic gunshot residue have been used to determine if there is a 
correlation between GSR and the ammunition manufacture. Research completed 
by Brożek-Mucha et al, collected inorganic GSR from the hands of individuals 
who recently discharged a firearm. Results obtained from the analysis of 
inorganic particles by SEM-EDX allowed association to a particular brand of 
firearm ammunition (90). Other research completed by Bueno et al, used Raman 
spectrometry for the analysis of both inorganic and organic GSR to categorize 
results into different brands of firearm ammunition (67). The ability to use GSR to 
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determine which brand of firearm ammunition was used can be valuable to law 
enforcement officials to corroborate or disprove a suspect’s story.  
 Another application with the use of GSR evidence is the determination 
how long compounds associated with GSR remain on an individual after 
exposure to a discharged firearm. Knowledge of how long GSR remains on a 
sample can be used to decide if analysis for GSR evidence is a viable option for 
a particular sample. Previous research completed by Rosenberg et al, focused 
on the length of time inorganic GSR remains on the hands of an individual after 
firing a weapon. Results obtained showed the detection of inorganic GSR up to 5 
days after firing a weapon (91). The ability to detect inorganic GSR days after 
discharging a firearm is encouraging results for the detection of OGSR. Another 
question to be addressed is how far and in what direction OGSR travels after 
discharge from a firearm. 
 Determination of the radial distance a cloud of GSR travels can provide 
valuable information to law enforcement officials when investigating a shooting 
incident. Experiments into the distribution of a GSR cloud can possibly be used 
to establish where an individual was standing around a discharged firearm. 
Research completed by Ditrich used a high speed camera to visualize the plume 
of GSR escaping from a variety of different types of firearms (6). Results also 
obtained by Zuzanna used SEM-EDX to determine a correlation between the 
size of inorganic particle and the distance from a discharged firearm (7). Other 
research completed by Fojtášek et al, detected large amounts of inorganic GSR 
in the forward and right direction of a discharged firearm at a distance of 3-5 
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meters (8). Results from previous research with the analysis of inorganic GSR 
demonstrates a directional nature associated with a cloud of GSR from a 
discharged firearm. Experiments will be conducted to determine if similar results 
are obtained with the analysis of OGSR.  
 Traditionally, GSR evidence is removed from the hands of individuals who 
recently fired a weapon. Since washing hands has potential to remove GSR 
evidence, extraction of clothing materials for GSR may also hold great value to 
police. Research completed by Freitas et al, used sector field indicatively coupled 
plasma mass spectrometry for the detection of inorganic GSR on a fabric target 
with detection of a few micrograms per square centimeter of fabric (92). 
Experiments were completed with extraction of OGSR from clothing to determine 
if similar levels of detection are obtained. Use of fabrics made from both natural 
and synthetic fibers provides information on the ability of the extraction of OGSR 
on a variety of different clothing materials.  
 Completion of experiments for the extraction of OGSR with a variety of 
conditions provides information on the ability to use SPME for the removal of 
OGSR from articles of clothing exposed to a discharged firearm. This information 
provides law enforcement officials with knowledge if analysis for OGSR can be 
used for a particular type of evidence.  
 
3.2. Materials and Methods 
Materials 
 All live fire experiments were carried out at a local shooting range.  
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The firearm used was a Smith and Wesson Sigma S-series SW40VE 
(Springfield, MA). Ammunition was 40 caliber Remington UMC (Lonake, AR) and 
Herter’s Select Grade (Lewiston, ID). For the Different Brands of Firearm 
Ammunitions experiment (section 3.3.2), a Ruger LCR .357 (Newport, NH) 
revolver was used. Ammunition used with the Ruger firearm was 38 caliber 
Speer Gold (Lewiston, ID), Winchester (Alton, IL), Ultra Mark, and Federal 
(Anoka, Minnesota). Samples were stored in pint, quart, or gallon unlined 
stainless steel cans from SPEX Forensics (Edison, NJ), equipped with a septum 
closure. A single individual fired the weapon, holding the firearm with two hands. 
All solvents were ACS grade purchased from Fisher Scientific (Waltham, WA). 
Standards of 2,4-dinitrotoluene (2,4-DNT), diphenylamine (DPA), and ethyl 
centralite (EC) were purchased from Chem Service (West Chester, PA). Other 
standards of nitroglycerin (NG) and a single base gunshot residue (SBGSR) 
standard were purchased from Cerilliant Analytical Reference Standards (Round 
Rock, TX). Compounds included in the SBGSR standard include:  Dimethyl 
phthalate (DMP), DPA, 2-nitrodiphenylamine (2N-DPA), 4-nitrodiphenylamine 
(4N-DPA), 2,2`-dinitrodiphenlyamine (2,2`N-DPA), 2,4-dinitrodiphenylamine 
(2,4N-DPA), 2,4`-dinitrodiphenylamine (2,4`N-DPA), 4,4`-dinitriodiphenylamine 
(4,4`N-DPA), and N-nitrosodiphenylamine (N-NDPA).  
 
Instrumentation 
Gas Chromatography Mass Spectrometry 
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 A Shimadzu QP5000 single quadrupole GC/MS (Kyoto, Japan) with a 
Restek Rxi-5ms 30m, 0.25mm, 0.25µm GC Column (State College, PA) was 
used for separation and analysis. A splitless GC method was used with a 1-
minute sampling time. The GC method temperature program began at 35 °C and 
holds for 2-minutes, followed by the oven ramping from 35 °C to 280 °C at a rate 
of 10 °C/min. and holding for 15-minutes. Total method run time was 41.5 
minutes. Both full-scan and selection an ion isolation mass spectrometry 
methods were used.  
 
Solid Phase Microextraction (SPME) 
 A manual solid phase microextraction (SPME) holder with a 65 µm 
divinylbenzene (DVB)-PDMS SPME fiber from Supelco (St. Louis, MO) were 
used for extraction of OGSR compounds. SPME fibers were conditioned after 
each analysis by the manufactures recommended method. A blank full-scan 
chromatogram was obtained prior to each OGSR extraction to ensure no 
carryover was present on the SPME fibers.  
 
Sample Collection 
 After exposure to a discharged firearm, the articles of clothing were placed 
in sealed can and stored at 4°C until analysis. Passive headspace analysis with 
SPME was utilized to extract OGSR from the cloth samples. Spent ammunition 
cartridges were also collected and placed in a sealed container for later solvent 
extraction and analysis.  
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OGSR Extraction and Analysis 
 A typical analysis consists of an OGSR samples placed in sealed can until 
ready for extraction. Cans with samples were then heated to 125°C in an oven. A 
SPME fiber was then inserted through a septum in the top of the cans, and 
exposed to the headspace for 15-minutes to allow extraction of the OGSR from 
the cloth sample. The SPME fiber with OGSR was then desorbed in the hot 
injection port of the GC/MS for separation and analysis. Spent ammunition 
cartridges were extracted by submersion in methylene chloride with ultrasound 
extraction for 15-minutes. The methylene chloride was then evaporated and the 
remaining OGSR residue concentrated to 100 µL with methylene chloride. One 
microliter of the methylene chloride was injected for analysis by GC/MS. Data 
from the SIM GC/MS acquisitions were converted and compiled SIM ion 
chromatograms. Individual SIM ion chromatograms for the most abundant ions 
were converted into .CSV files and then reassembled into one compiled ion 
chromatogram using Microsoft Excel (Redmond, WA).  
 
3.3. Results and Discussion 
3.3.1 Reproducibility of OGSR Results 
 Throughout this dissertation issues with the reproducibility of OGSR 
results obtained from a discharged firearm started to emerge. An internal 
standard was used to aid with these issues, but large standard deviations were 
still obtained. Potential sources of reproducibility issues can stem from the SPME 
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process itself, or the amount of OGSR compounds placed on a sample during 
the discharge of a firearm.  
To determine the source of large standard deviations with analysis of real 
OGSR samples a 100% cotton cloth was spiked with known amounts of 
compounds associated with OGSR. This experiment was performed in triplicate 
to obtain statistical data to determine the reproducibility with a controlled 
experiment. Results from this experiment are provided in table 3.1. When OGSR 
compounds were spiked onto articles of clothing, lower values of standard 
deviations were obtained compared to results obtained from OGSR samples 
from a discharged firearm. Results in table 3.1 demonstrate that use of SPME for 
the extraction of volatile OGSR can produce results with low standard deviations 
when known amounts of OGSR are placed on a sample. These results also show 
an extraction for 15-minutes is sufficient to create equilibrium between the SPME 
fiber and OGSR compounds (see chapter 2). If equilibrium was not obtained, a 
partial extraction would occur with large standard deviations associated with the 
results.  
Results in Table 3.1 lead to the conclusion that use of SPME is not the 
source of the reproducibility issues. During the discharge of a firearm, a 
controlled explosion occurs to project the bullet from the barrel of the firearm. 
This explosion causes a cloud of OGSR particles to escape into the surrounding 
area. Gaps within the construction of the firearm (barrel or other openings) allow 
the escape of OGSR particles during the discharge of the firearm. The amount 
and direction these OGSR particles will travel is a random event, depending on a 
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Table 3.1:  Statistical analysis of OGSR compounds spiked onto a 100% 
cotton cloth.  
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variety of factors. Some of these factors include the concentration of the 
compounds present in the ammunition and the airflow surrounding the 
discharged firearm. Because of this random dispersion, there is a high probability 
that the amount of OGSR particles on a particular sample will vary with each 
firing event. This will cause for large variability with the results obtained from this 
method, making quantification of results obtained from actual OGSR samples 
difficult and producing large standard deviations. Results obtained from OGSR 
samples from a discharged firearm will only provide semi-quantitative results with 
more emphasis placed on qualitative results.  
 
3.3.2 Different Brands of Firearm Ammunitions 
 One of the first experiments conducted was the determination if there is a 
correlation between different brands of firearm ammunition and the OGSR. The 
ability to group or categorize the type of firearm ammunition used from a shooting 
incident could prove to be a valuable asset to law enforcement. A recent study 
completed by MacCrehan et al. utilized an ultrasonic extraction procedure 
followed by analysis with capillary electrophoresis for particles associated with 
gunshot residue. Utilization of the primer to stabilizer ratio (P:S) from particles 
enabled results to be classified into different brands of firearm ammunition used 
in the study (93).  A similar study was completed here with the extraction of spent 
ammunition cartridges from 4 different brands of firearm ammunition. Results 
from this experiment are provided in figure 3.1.  
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Figure 3.1:  Comparing the primer to stabilizer ratio of 4 different brands 
of firearm ammunition.  
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 Results shown in Figure 3.1, demonstrate how firearm ammunition can be 
separated into 2 main categories depending on the stabilizer present. Figure 3.1 
shows where the 4 different brands of firearm ammunition used can be separated 
into 2 groups depending on the type of stabilizer used. Minor amounts of other 
stabilizers might also be present, but these are in lower concentrations. Using the 
P:S ratio a pattern starts to emerge to differentiate between the ammunition that 
uses EC as a stabilizer (Speer Gold and Federal) and the ammunition using DPA 
as the stabilizer (Winchester and Ultra Mark). A larger study needs to be 
conducted to confirm these observations, but initial findings do indicate the ability 
to use the P:S ratio to focus which brands of firearm ammunition were used in a 
shooting incident.  
 
3.3.3 Time OGSR Remains on Clothing after Exposure to a Discharge Firearm 
 Determination of how long OGSR remains on an article of clothing after 
exposure to a discharged firearm was the next experiment to be completed. If an 
article of clothing is immediately sealed in a container after exposure to a 
discharged firearm, all volatile components on that article of clothing will then 
also be sealed in the container to allow extraction at the laboratory. The longer 
an article of clothing is exposed to open air after exposure to a discharged 
firearm, the greater possibility of volatile compounds to escape into the 
surrounding area and not available for extraction and analysis of OGSR. 
Determination of the amount of time OGSR remains on an article of clothing will 
dictate if a sample can be extracted for volatile components of OGSR by SPME. 
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To determine if OGSR is still present on a sample 1 hour after exposure to a 
discharged firearm, 100 cm2 cotton cloths were exposed to a discharged firearm 
at a distance of 1 meter. The experiment was performed in triplicate, with 2 sets 
of samples collected. One set of samples were immediately stored in a sealed 
fire debris can and another set sealed in a fire debris can after 1 hour exposure 
to open air. Results from this experiment for the OGSR compound EC are 
provided in Figure 3.2  
 Results in Figure 3.2, show after 1 hour of exposure to open air a drop in 
intensity occurred for the OGSR compound EC on the cotton cloths exposed to a 
discharged firearm. Loss of intensity is expected because of the volatile nature of 
OGSR compounds and the potential to off gas into the surrounding environment. 
Because of this constant off gassing of OGSR compounds occurring, it is ideal to 
immediately place a suspected OGSR sample in a sealed vessel to trap the 
volatile compounds present on the article of clothing. Results in Figure 3.3 also 
demonstrate the ability to extract volatile OGSR compounds after an hour of 
exposure to open air. 
   
3.3.4 Storage Experiment 
 The next set of experiments determined how long an article of clothing 
could be stored prior to extraction and analysis for volatile OGSR. With large 
backlogs present at most state run crime laboratories, the ability to analyze a 
sample when it is first submitted is limited. Knowledge of how long an article of 
clothing can be stored will also be useful if repeat analysis is needed. For the  
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Figure 3.2:  Determination if ethyl centralite remains on a cloth after 
exposed to open air for 1 hour. 
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storage experiment, a 100 cm2 cotton cloth was exposed to a discharged firearm, 
and immediately sealed in a fire debris can for storage and extraction of volatile 
OGSR. For 6 weeks, the sample was extracted and analyzed to determine the 
effects of storage on a cloth sample exposed to a discharged firearm. Between 
extractions, the sealed sample was stored in a 4 °C environment to reduce the 
loss of volatile OGSR compounds. Data for the OGSR compounds DPA and EC 
are presented in Figures 3.3 and 3.4 respectively.  
 As seen in Figures 3.3 and 3.4, a reduction of signal occurs following each 
week of storage of the cotton cloth. Both compounds show a decrease in signal 
intensity in the early weeks of storage compared to the end of the study. Results 
also demonstrated that volatile OGSR compounds can be extracted off an article 
of clothing for up to 6 weeks after exposure to a discharged firearm when stored 
in a cold environment. Potential loss of OGSR compounds could have originated 
from 3 possible sources. The first source is the septum that is placed in the top of 
the fire debris can used for insertion of the SPME fiber for extraction of volatile 
OGSR. Each time the SPME needle is removed through the septum, there is a 
possibility for volatile analytes to escape along with the SPME needle. This could 
account for the losses seen in Figures 3.3 and 3.4. Another potential loss of 
analyte is absorption of OGSR onto the septum placed in the top of the fire 
debris can. Septa used throughout this research are made from a silicone 
material to help reduce this possibility. A final potential source of analyte loss is 
from the fire debris can. After placement of the sample in a fire debris can, 
attempts are made to seal the can to minimize the possibility of this loss. Storage  
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Figure 3.3:  Storage experiment for the OGSR compound 
diphenylamine 
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Figure 3.4:  Storage experiments for the OGSR compound ethyl 
centralite 
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of the fire debris can at 4°C will also reduce the amount of volatile compounds 
off-gassing into the headspace of the can during storage, thus reducing the 
chance for loss.  
 Data from the storage experiment was also used to determine the half-life 
for the OGSR compound EC. Graphing the natural log (ln) of the intensity verse 
the week the sample was analyzed allowed the creation of the graph in Figure 
3.5. Obtaining a linear relationship demonstrates that this was a 1st order 
reaction, allowing the half-life to be calculated by the following equation.  
𝑡!/! =
!"  (!)
!
     Equation 3.1 
Using the slope in Figure 3.5, provides the rate constant (K) needed in equation 
3.1. Results from Equation 3.1 provide the half-life for the OGSR compound EC 
of 1.80 weeks. Figure 3.5 demonstrates that half of the concentration of EC will 
be lost in 1.8 weeks of storage. All of the results obtained from the storage 
experiments show that it is favorable to analyze a sample for OGSR as early as 
possible after the sample is submitted to reduce the possibility of analyte loss to 
levels below detection during storage.  
 
3.3.5 Distance/Area around a Discharged Firearm 
 Determination how OGSR particles disperse around a discharged firearm 
was the next set of experiments completed. The first experiment focused on how 
an OGSR cloud radiates around a discharged firearm. To complete this 
experiment, 5 100 cm2 cotton cloths were placed around a discharged firearm as 
seen in Figure 3.6. Cotton cloths were placed to the left, forward, and right of a 
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Figure 3.5:  First order chemical reaction graph for determination of the 
half-life for ethyl centralite 
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Figure 3.6:  Cloths placed around a discharged 
firearm.  
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discharged firearm and numbered 2, 3, and 4 respectively. A cloth was also 
placed on the chest of the individual firing the weapon (cloth #1) and on the 
target that was fired at (cloth #5). The cloth placed on the target (cloth #5) was 3-
meters away from the discharged firearm.  
 Results in Figure 3.6, show that most of the OGSR compounds were 
detected on cloths 3 and 4. The locations of cloths 3 and 4 are directly below the 
barrel and to the right of the discharged firearm respectively. The largest 
concentration of OGSR was expected to be expelled in the forward direction of 
the firearm along with the projectile, explaining the presence of OGSR on cloth 
number 3. Use of a pistol can also explain the present of OGSR on cloth number 
4. After a bullet is fired, the cartridge is left behind and ejected from the firearm. 
Ejection of this spent cartridge occurs on the right side of the firearm used for this 
experiment. Compounds associated with OGSR were also detected on cloth 
number 5 (placed on the target), demonstrating the potential for OGSR to travel 3 
meters away from a discharged firearm.  
 Results presented in Figure 3.6, show a directional nature of an OGSR 
cloud associated with the discharge of a firearm. Use of a pistol allowed the 
escape of more OGSR compounds to the right of the firearm when the cartridge 
is ejected. Different results are possible if a revolver is used. A revolver has more 
gaps built into the construction of the firearm, thus a greater potential for OGSR 
to be dispersed around the firearm. Independent of the type of firearm used 
(pistol or revolver), a larger percentage of the OGSR is expected to escape out 
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the barrel of the firearm with the projectile. Other experiments to be conducted 
are the determination of the distance OGSR travels in the forward direction.   
Because there is a high probability of OGSR compounds escaping in the 
forward direction of the firearm, an experiment was completed to establish how 
far in the forward direction OGSR particles travel. A 100 cm2 cotton cloth had a 
single shot fired at it from a distance of 1 and 3 meters away. Immediately after 
exposure to the single shot, the exposed cloth was sealed in a fire debris can for 
storage and extraction at the laboratory. Results from the 1 and 3 meter distance 
determination experiments are in Figures 3.7 and 3.8 respectively. 
 Results in Figure 3.7 show the SIM chromatograph for the 1-meter cloth 
exposed to a discharged firearm. The identity of the largest peak in Figure 3.7 is 
the plasticizer dibutyl phthalate at 22.68 minutes. Phthalates are known 
contaminants in the environment, but can also be present in firearm ammunition 
(see chapter 2). The next peak at 18.87 minutes is from the stabilizer DPA. 
Another smaller peak present at 22.01 minutes is from the stabilizer EC. Figure 
3.8 shows the SIM chromatogram for a cloth exposed to a discharged firearm at 
a distance of 3 meters. As expected, moving away from the discharged firearm, 
the intensity of the OGSR compounds present decreased. Dibutyl phthalate is 
the largest peak present in the chromatogram at 22.68 minutes, with another 
phthalate (Di-n-Octyl phthalate) present at 28.51 minutes. Focusing on the 
enlarged section between 18.00 and 20.50 minutes, the stabilizer DPA is also 
present at 18.87 minutes. The other stabilizer present in Figure 3.7 (EC) was not 
detected at a distance of 3 meters from a discharged firearm. Organic gunshot  
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Figure 3.7:  SIM chromatogram of a 100% cotton cloth exposed to a 
discharged firearm at a distance of 1 meter 
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Figure 3.8:  SIM chromatogram of a 100% cotton cloth exposed to a 
discharged firearm at a distance of 3 meters. Enlarged section shows 
the detection of diphenylamine.  
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residue was not detected at distances further than 3 meters away from a 
discharged firearm. 
 The detection of OGSR compounds at a distance of 3 meters is promising 
to determine if an individual was present during the discharge of a firearm. A 
distance of 3 meters (approximately 9 feet) can be considered a self-defense 
area, where an incident involving a firearm is likely to occur. Results from this 
experiment could place an individual within this 3-meter area of a discharged 
firearm.  
 
3.3.6 Larger Item Experiments 
 Previous experiments have been completed with exposure of 100% cotton 
cloths 100 cm2 in size. The following experiments were completed to determine 
the effects of scaling up from a 100 cm2 cloth size to a full-size t-shirt. A 
controlled experiment was first conducted by spiking 25 µg of the OGSR 
compounds 2,4-DNT, DPA, and EC onto a 100 cm2 cotton cloth and a full-size 
cotton t-shirt. One microgram of internal standard was also spiked on the articles 
of clothing. Each sample was placed in a separate gallon fire debris can for 
extraction of OGSR by SPME. Extraction was completed for 15-minutes at 125 
°C. Results from the scaled-up clothing experiment are provided in figure 3.9. 
 As seen in Figure 3.9, a large analyte to IS ratio was obtained from the 
extraction of 100 cm2 cotton cloths compared to a full-size t-shirt. The hypothesis 
for this experiment was the extraction of larger items of clothing would have little 
effect for the extraction of OGSR. Results in Figure 3.9 do not support this 
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Figure 3.9:  Comparison of different size clothing materials when spiked 
with OGSR compounds 
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hypothesis. The addition of more clothing materials caused a reduction in the 
extraction of spiked OGSR compounds. A possible explanation for the results in 
Figure 3.9 could be the grater concentration of off-gassing compounds 
(hydrocarbons) present in the larger items of clothing. Use of a full-size T-shirt 
will place a greater concentration of volatile hydrocarbons in the gallon fire debris 
can compared to the 100 cm2 cloth. This large concentration of off-gassing 
hydrocarbons has potential to competitively displace the spiked OGSR 
compounds off the SPME fiber, reducing the amount of OGSR extracted from the 
headspace of the fire debris can. Experiments to test the theory of competitive 
displacement associated with off-gassing compounds on fabrics is investigated in 
the following section (3.3.7 Different Clothing Materials-Fabric Types). 
Attempts were made to reduce the amount of off-gassing occurring from 
the larger items of clothing by reducing the extraction temperature and exposing 
the SPME fiber for a longer length of time. To complete this experiment, 5 µg of 
each OGSR compound 2,4-DNT, DPA, and EC were spiked onto a full-size 
100% cotton t-shirt and extracted by SPME at 50 °C for 2 hours. Since the 
extraction temperature was reduced, a longer extraction time is needed to allow 
equilibrium to form between the SPME fiber and the OGSR compounds. 
Extractions were performed in a gallon fire debris can. To compare the results of 
the 50 °C extraction for 2 hours, another experiment was completed with 5 µg of 
OGSR compounds spiked onto a full-size t-shirt, but performing the extraction at 
125 °C for 15-minutes. Completion of both these allowed a comparison of the 
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lower extraction temperature with parameters normally used for extraction of 
OGSR with SPME. Results from this experiment are provided in Figure 3.10. 
 As seen in Figure 3.10 the spiked OGSR compounds 2,4-DNT and DPA 
had a larger extraction efficiency with the 50 °C extraction for 2 hours compared 
to the 125 °C extraction for 15-minutes. Extraction of ethyl centralite did not have 
the same results. Results from EC had a greater extraction efficiency for the 125 
°C extraction for 15-minutes compared to the 50 °C extraction for 2 hours. A 
potential issue with performing an extraction at a lower temperature is the 
possibility to not sufficiently volatilize all the OGSR compounds on the article of 
clothing and into the headspace of the fire debris can. If the OGSR compounds 
are not volatilized into the headspace of the fire debris can, they will not be 
extracted by the SPME fiber. Issues of not sufficiently volatilizing all the OGSR 
compounds appear to have occurred with the results in Figure 3.10. Similar 
results were also obtained during optimization of the SPME extraction procedure 
(see Chapter 2). To determine if enough heat was placed into the system to 
sufficiently volatilize EC, another experiment was completed at 75 °C and 
extracted for 2-hours. Results from this experiment are provided in Figure 3.11 
 As seen in Figure 3.11, a larger intensity was obtained for all 3 spiked 
OGSR compounds when the extraction was performed at 75 °C for 2-hours. This 
experiment demonstrates a lower extraction temperature can be used with the 
extraction of larger items of clothing. A longer extraction time is needed though to 
allow formation of equilibrium between the SPME fiber and the OGSR 
compounds.  
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Figure 3.10:  Extraction of full-size 100% cotton T-shirt at a 50 °C 
extraction temperature for 2 hours 
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Figure 3.10:  Extraction of full-size 100% cotton T-shirt at a 75 °C 
extraction temperature for 2 hours 
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3.3.7 Different Clothing Materials-Fabric Types 
 The final experiment completed was the extraction of volatile OGSR with 
clothing made from different types of fabrics. Previous experiments in this 
dissertation only used natural fibers, such as cotton, for the extraction of OGSR 
compounds. Clothing materials are constructed from a variety of different fabrics. 
Natural fibers such as cotton and ramie, and synthetic fibers such as polyester, 
can be used in the construction of clothing materials. Many fabrics on the market 
today are also blended with varying amounts of different types of fibers being 
used. The first experiment investigated the effects of using SPME for the volatile 
extraction of OGSR compounds from natural, synthetic, and blended fabrics.  
 Four different types of clothing materials were exposed to a discharged 
firearm at a distance of 1 meter for determination how each type of fabric reacted 
to exposure and extraction of volatile OGSR compounds. Each type of fabric was 
100 cm2 in size and exposed to a single round of ammunition. Types of fabrics 
used in this study are as follows:  100 % polyester, 55% ramie with 45 % cotton 
blend, 60% cotton with 40% polyester blend, and 100 % cotton. Ramie is a 
natural vegetable based fiber, typically grown in tropical climates (94, 95). 
Experiments were performed in triplicate with each sample immediately placed in 
a sealed fire debris can after exposure to the discharged firearm. Results from 
the different fabric type experiment are provided in Figures 3.12 through 3.14.  
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Figure 3.12:  Different types of clothing materials exposed to a 
discharged firearm. Nitroglycerin graph.  
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Figure 3.13: Different types of clothing materials exposed to a 
discharged firearm. Ethyl Centralite graph 
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Figure 3.14:  Different types of clothing materials exposed to a 
discharged firearm. Diphenylamine graph 
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Figure 3.12, demonstrates a more efficient extraction of NG occurring from 
the ramie/cotton blended fabric compared to the other 3 fabrics exposed to the 
discharged firearm. Larger extraction efficiency was also obtained for the OGSR 
compound EC with the ramie/cotton blend fabric (Figure 3.13). This trend 
continues with the OGSR compound DPA in Figure 3.15, with the larger analyte 
to IS ratio for the ramie/cotton blended fabric.  
 Results in Figure 3.14 demonstrate that DPA did not extract from the 
100% polyester fabric material. These results were only obtained from the 100% 
polyester fabric for the extraction of DPA. It was known that DPA was present in 
the ammunition because results obtained in Figures 3.12 and 3.13 show the 
presence of DPA in the firearm ammunition. Since results in Figure 3.14 are an 
outlier compared to the results obtained from other fabrics, further experiments 
will be conducted to determine why DPA was not extracted from the 100% 
polyester fabric material.  
 To explain the results obtained from the different types of fabric 
experiments, a more controlled experiment was completed using known amounts 
of OGSR compounds on a 100% cotton and 100% polyester thread. Three 
different experiments were completed in triplicate. In the first experiment, a blank 
headspace vial was spiked 0.1 µg of the OGSR compounds DPA and EC. The 
headspace vial was heated to 125 °C for 15-minutes with the SPME fiber 
exposed for the extraction of the spiked OGSR compounds from the blank vial. 
The same procedure was followed for the following 2 experiments, but one 
experiment had 100 cm of 100% polyester thread placed in the headspace vial 
   142 
and another experiment had 100 cm of 100% cotton thread placed in a separate 
headspace vial along with the spiked OGSR compounds. Results from these 
experiments are in Figures 3.15 and 3.16. 
 Figures 3.15 and 3.16 show the presence either 100% cotton or 100% 
polyester thread reduced the amount of OGSR extracted by SPME. This 
experiment demonstrates the presence of these two fabrics causing an issue 
with the extraction of the spiked OGSR compounds. One possibility is the fabrics 
are absorbing the OGSR compounds, but not allowing them to volatilize into the 
headspace of the vial when heated. If the OGSR compounds are not volatilized 
into the headspace of the vial, the SPME fiber cannot extract the OGSR from the 
sample. Another experiment will be completed using 100% polyester fabric to 
confirm the results obtained in the previous experiment.  
 A controlled experiment on a larger scale completed next to confirm the 
results obtained from the polyester and cotton thread experiments. One microliter 
of DPA, EC, and IS were spiked into a glass vial and then sealed in a pint fire 
debris can for extraction by SPME. This sample served as a control to compare 
with the following sample. The next sample had a small glass vial spiked with 0.1 
µg of DPA and EC sealed in a pint fire debris can. Also placed in the fire debris 
can was a blank 100 cm2 100% polyester cloth. This experiment determined the 
effect of polyester for the extraction of the OGSR compounds DPA and EC. Each 
sample was extracted for DPA and EC by the application of heat to the fire debris 
can for 15-minutes with the SPME fiber exposed. Results from this experiment 
are provided in Figures 3.17 and 3.18. 
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Figure 3.15:  Comparison of the extraction of diphenylamine spiked 
onto 100 % cotton and 100 % polyester thread 
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Figure 3.16: Comparison of the extraction of ethyl centralite spiked onto 
100 % cotton and 100 % polyester thread 
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Figure 3.17:  Effects of the extraction of the OGSR compound 
diphenylamine when exposed to a polyester cloth 
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Figure 3.18:  Effects of the extraction of the OGSR compound ethyl 
centralite when exposed to a polyester cloth. 
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As seen in Figures 3.17 and 3.18 the addition of polyester to the fire 
debris can shows a reduction in signal with both spiked OGSR compounds. A 
Student’s T-test was performed on the results in Figures 3.17 and 3.18, with 
results showing a significant difference between DPA and the blank OGSR 
samples at a 95% confidence internal (p<0.05). As stated earlier, results in 
Figures 3.17 and 3.18 could show the polyester fabric is absorbing the OGSR 
compounds once they are in the headspace of the sealed container. Another 
possible explanation is that the polyester fabric is off-gassing other volatile 
compounds into the headspace and not allowing the extraction of volatile the 
OGSR compounds. To continue with this theory, another experiment was 
conducted with the extraction of polyester fabric.  
 Analyses of different clothing materials were completed using a SIM mass 
spectrometry method. To help determine the effects of extraction of volatiles off 
gassing from polyester fabric, a full-scan mass spectrometry method was 
completed on a blank 100% polyester cloth. Extraction was completed as with 
previous samples, but no OGSR compounds were present on the polyester 
fabric. Results from the SPME of a blank polyester cloth are provided in Figure 
3.19. 
 The total ion chromatogram in Figure 3.19 shows many peaks from 20.00 
to 35.00 minutes. Examination of the mass spectra associated with these peaks 
is consistent with hydrocarbon compounds. Similar results were obtained with the 
total ion chromatogram of a blank 100% cotton cloth (Figure 2.12). Results 
obtained from the blank polyester cloth in Figure 3.19, have a larger intensity of  
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Figure 3.19:  Full-scan chromatogram of the SPME of a blank 100% 
polyester cloth 
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the hydrocarbon peaks compared to the blank 100% cotton chromatogram. The 
higher concentration of hydrocarbons present in the polyester fabric could prove 
problematic for the extraction of volatile compounds from clothing materials. 
Because of the large concentration of hydrocarbons in polyester fabric, there is 
potential for the hydrocarbon compounds to displace other analytes present on 
articles of clothing through competitive displacement. Other experiments were 
completed to determine if competitive displacement was occurring with the 
OGSR compounds on a polyester cloth.  
 To investigate the effects of off gassing of hydrocarbon compounds 
causing competitive displacement of other compounds present on polyester 
fabrics, OGSR compounds were spiked on a 100% polyester cloth and extracted 
at different temperatures. One microgram of the OGSR compounds DPA and EC 
were spiked on a 100 cm2 polyester cloth and then extracted for 15-minute with 
SPME at 75, 100, and 125 °C. A graph was created with the extraction 
temperature vs. the intensity of the spiked OGSR compounds along with the 
compounds associated with the polyester off gassing. Results are provided in 
Figure 3.20.  
 Results from Figure 3.20, show that between 75 and 100 °C, the 
intensities of both OGSR and polyester off-gassing compounds increased with an 
increase in extraction temperature. Increasing the extraction temperature allows 
more volatile compounds placed on the polyester cloth to escape into the 
headspace of the container and then be extracted by SPME fiber. Between 100 
and 125 °C a decrease in intensity starts to occur for the spiked OGSR  
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Figure 3.20:  Graph representing the effects of extraction temperature 
with spiked OGSR compounds and off gassing from the 100% polyester 
cloth 
   151 
compounds DPA and EC (solid line in Figure 3.20), but an increase in intensity 
occurs for the polyester off-gassing compounds (dashed line in Figure 3.20). 
Analytes in a larger concentration will have a higher affinity for the extraction by 
the SPME fiber and will possibly competitively displace other compounds trying 
to be extracted by the SPME fiber. This competitive displacement can be seen at 
the 100 °C extraction temperature, with the intensity of off-gassing compounds 
from the polyester fabric increasing compared to the spiked OGSR compounds 
DPA and EC. The results obtained in Figure 3.20, demonstrate a larger 
concentration of compounds off-gassing from a polyester cloth was displacing 
the OGSR compounds DPA and EC off the SPME fiber. A potential solution 
would be to perform the extraction at a lower temperature, but earlier results 
determined that 125 °C is the optimal extraction temperature for OGSR 
compounds. Performing the extraction at a lower temperature has the possibility 
to not sufficiently volatilize all the OGSR compounds present on the cloth 
sample, or require the extraction to be performed for a longer time.  
 A final experiment completed with the volatile extraction of polyester fabric 
was to change the size of the polyester cloth while holding the concentration of 
spiked OGSR compounds and extraction temperature constant. Using the results 
from the polyester extraction temperature experiment, 1 µg of DPA and EC was 
placed on different size polyester cloths and extracted at 100 °C. The experiment 
was completed in triplicate with a 1, 5, 10, and 15 cm2 polyester cloths. Results 
are provided in Figure 3.21.  
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Figure 3.21:  Graph representing the effects of 100% polyester cloth 
size with spiked OGSR compounds and off gassing from the 100% 
polyester cloth 
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Similar results were obtained in Figure 3.21, as with the polyester 
extraction temperature experiment (Figure 3.20). Results in Figure 3.20 
demonstrated as the temperature increases, the concentration of off-gassing 
compounds from the polyester fabric also increase. Figure 3.21 shows that 
increasing the size but holding the extraction temperature constant has a similar 
effect. The amount of DPA and EC (solid line Figure 3.21) decrease as the size 
of the polyester cloth increases, and the amount of polyester off-gassing 
compounds increase (Dashed line in Figure 3.21) as the size of the polyester 
cloth increases. A polyester cloth size of approximately 7 cm2 is where the 
polyester off-gas compounds started to show displacement of the spiked DPA 
and EC compounds. This places a greater concentration of polyester off-gassing 
compounds in the headspace of the sealed container to be extracted by SPME. 
Again, the polyester off-gas compounds are competitively displacing DPA and 
EC off the SPME fiber because of an increased concentration of the polyester off 
gas compounds.  
 Results obtained from the extraction of OGSR compounds from 100% 
polyester fabric have demonstrated the need for an alternative extraction method 
to remove OGSR from articles of clothing. The following chapter will investigate 
alternative means for removal of OGSR from articles of clothing.  
 
 
Copyright © Brent A. Casper 2015  
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Chapter 4:  Paper Spray-Mass Spectrometry 
4.1. Introduction  
 Issues with the extraction of OGSR from larger items of clothing and from 
different types of clothing materials required the development of an alternative 
analytical approach for the determination of OGSR on an article of clothing. Use 
of a solvent extraction followed by paper spray mass spectrometry (PS/MS) 
should allow for the removal of OGSR from an article of clothing without the 
application of heat to the sample. Use of a solvent in place of heat for the 
extraction of OGSR reduced the amount of hydrocarbon off gassing from the 
clothing material that caused issues with the SPME used in Chapter 3. Use of a 
solvent also allows for the complete (exhaustive) extraction of OGSR compared 
to the non-exhaustive extraction that was obtained from the use of SPME.  
A variety of samples can be analyzed by PS/MS, with most applications in 
a clinical setting with the analysis of dried blood sports or other biological 
materials (96-100). Development of PS/MS in a clinical setting allowed the use of 
a cheap disposable spray head, while still obtaining highly sensitive data from a 
mass spectrometry analysis. Use of a traditional API interface can easily be 
converted for use with paper spray ionization. Utilization of PS/MS has also 
expanded into the analysis of both organic and inorganic analytes (101). 
Because of the success with PS/MS in clinical applications, a rapid growth of this 
ionization technique has spread to other areas such as food and forensic based 
samples (100, 102-105).  
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One of the issues with use of PS/MS in a clinic setting is the ability to 
easily analyze biological samples without the need for specialized training. 
Recent research has created a cartridge system allowing the use of PS/MS by a 
technician in a clinical setting (106). Another issue with the use of PS/MS in a 
clinical setting is the ability to analyze large volumes of samples in a short period 
of time. Attempts have been made to automate use of PS/MS, allowing quick 
analysis of high volumes of samples typically seen in clinic applications (107). As 
PS/MS becomes an established analytical technique, many of these issues with 
automation and analysis of large sample volumes will become resolved.  
A variety of materials can be used as a medium to create a spray head 
used in PS/MS. The most common type of these materials being cellulose based 
filter paper commonly found in a laboratory setting. Capillary action allows the 
solvent/analyte to easily move through the pores within the cellulose membrane 
of the filter paper. Also, the low cost associated with use filter paper has made 
this medium the best choice for most application utilizing PS/MS. Research into 
the use of other types of materials for a spray head has been investigated, but 
are not as common as cellulose based filter paper spray heads (108, 109). Some 
of these materials include use of wooden toothpicks, plant leaves, and coffee 
beans to spray into the inlet of a mass spectrometer (110-113). Use of any object 
that can be shaped into a sharp point can theoretically be used as a spray head 
for PS/MS. Previous research completed by Liu et al. has shown the use of a 
narrow spray head tip provided an advantage with the analysis of analytes by 
paper spray (114). Use of sharp tip will allow the electrical charge from the high 
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voltage power supply to collect on the tip of the spray head and aid in the 
formation of a Taylor cone. Formation of the Taylor cone increases the ability to 
spray from the filter paper, along with the introduction of more ions into the mass 
spectrometer.  
Applications of PS/MS have primarily focused in the areas clinical 
chemistry with the analysis of biological materials. Since use of PS/MS has only 
be found in literature for the past 5 years, development in the areas of forensic 
science is limited. A variety of forensic applications ranging from drug chemistry 
to the analysis of explosive compounds has the potential to benefit from analysis 
by PS/MS. In this chapter, development of an on-line solvent extraction method 
was used for the removal of OGSR from an article of clothing exposed to a 
discharged firearm. Extracts from the articles of clothing were placed on filter 
paper for analysis by PS/MS.  
 
4.2. Materials and Method 
Materials 
 All live fire experiments were carried out at a local shooting range.  
The firearm used was a Smith and Wesson Sigma S-series SW40VE 
(Springfield, MA). Ammunition was Herter’s Select Grade (Lewiston, ID). 
Samples were stored in pint, quart, or gallon unlined stainless steel cans from 
SPEX Forensics (Edison, NJ), equipped with a septum closure. A single 
individual fired the weapon, holding the firearm with two hands. All solvents were 
ACS grade purchased from Fisher Scientific (Waltham, WA). Standards 
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diphenylamine (DPA) and ethyl centralite (EC) were purchased from Chem 
Service (West Chester, PA). Deuterated diphenylamine (d10) was purchased 
from CDN Isotopes (Pointe-Claire, Quebec).  
 
Instrumentation 
 A Thermo Finnigan LCQ Classic (San Jose, CA) ion trap mass 
spectrometer was used for analysis of OGSR by paper spray mass spectrometry. 
Whatman filter paper from Fisher Scientific (Waltham, WA) was used to make the 
filter paper spray heads. A New Objective (Woburn, MA) x-y-z stage was used to 
manipulate the filter paper spray head to the inlet of the mass spectrometer. 
Figure 4.1 shows an image of the setup used for paper spray mass spectrometry.  
 
4.3. Results and Discussion 
4.3.1 Determination if OGSR can be Extracted off Articles of Cloth by Solvent 
 Initial experiments were conducted to evaluate if OGSR could be 
extracted from a cloth onto filter paper and then sprayed into the mass 
spectrometer for analysis by PS/MS. To complete this experiment, 10 µg each of 
the OGSR compounds DPA and EC were spiked onto a 100 cm2 100% cotton 
cloth. This cloth was folded, and placed on a triangular filter paper then extracted 
with 100% acetonitrile. High voltage was applied to the filter paper to spray into 
the inlet of the mass spectrometer in a similar mechanism as electrospray 
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Figure 4.1:  Setup of the initial paper spray configuration 
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ionization. The full scan mass spectrum from this experiment is provided in figure 
4.2.  
 As can be seen in Figure 4.2, the protonated cation [M+H]+ of the spiked 
DPA (m/z 170) and EC (m/z 269) are easily visible. Next, tandem mass 
spectrometry of DPA at m/z 170 was completed as seen in Figure 4.3 (CID 
voltage 0). Isolation of a particular m/z value is an advantage of using an ion trap 
mass analyzer and can help reduce the presence of background ions. As can be 
seen in Figure 4.3, an increase in the signal-to-noise ratio occurred when m/z 
170 was isolated. Next, fragmentation of m/z 170 provided the mass spectrum in 
Figure 4.4, which is consistent with the structure of DPA with a loss of 78 mass 
units.  Following analysis of DPA, tandem mass spectrometry of the OGSR 
compound EC was also completed. Figure 4.5 shows the tandem mass spectrum 
for the isolation of m/z 269 associated with EC (CID voltage 0). As with DPA, an 
increase in signal-to-noise ratio was observed with the isolation of m/z 269. 
Fragmentation of m/z 269 was also completed to provide the mass spectrum in 
Figure 4.6. Presence of the m/z values of 120 and 148 are characteristic of the 
OGSR compound EC, confirming the identity of the isolated ion m/z 269.  
 Results obtained in figure 4.2 through 4.6 demonstrated the ability to use 
tandem mass spectrometry of OGSR compounds from articles of clothing with 
PS/MS. The ability to perform tandem mass spectrometry with ions of interest in 
an ion trap mass analyzer provided mass spectra with large signal-to-noise ratios 
along with structural information with the fragmentation of the isolated ion. 
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Figure 4.2:  Full-Scan mass spectrum showing the spiked compounds DPA 
(m/z 170) and EC (m/z 269) 
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Figure 4.3:  Tandem mass spectrum of m/z 170 (CID 0) associated with the 
OGSR compound DPA 
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Figure 4.4:  Tandem mass spectrum of m/z 170 (CID 38) associated 
with the OGSR compound DPA 
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Figure 4.5:  Tandem mass spectrum of m/z 269 (CID 0) associated with the 
OGSR compound EC 
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Figure 4.6:  Tandem mass spectrum of m/z 269 (CID 35) associated with the 
OGSR compound EC 
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4.3.2 Choosing an Extraction Solvent  
 After the determination that OGSR could be extracted off a cloth, other 
experiments were conducted to optimize conditions associated with the solvent 
extraction and analysis of OGSR from an article of clothing. The first parameter 
optimized was selection of the extraction solvent utilized for spaying OGSR 
compounds into the inlet of the mass spectrometer. Solvent systems commonly 
found in reverse phase liquid chromatography were investigated for spraying into 
the inlet of the mass spectrometer. 
For the extraction solvent selection experiments, 10 µg of DPA and EC 
were spiked on a piece of filter paper cut into a triangle. The filter paper was 
allowed to completely dry, followed by extraction with minimal amounts of 
solvents (5-20 µL). 
 Initial experiments used 100% acetonitrile and 100% methanol as the 
extraction solvent for removal of DPA and EC from the filter paper and spraying 
into the inlet of the mass spectrometer. Use of 100% acetonitrile provided greater 
intensities from the spiked analytes DPA and EC compared to the intensities 
obtained with extractions using 100% methanol. To enhance droplet formation 
from the tip of the filter paper and ionization of the analyte, addition of 10% water 
and 0.1% formic acid was also investigated. The addition of water and formic 
acid aided in the ionization and droplet formation of analytes during the 
electrospray process (115). Again, 10 µg each of DPA and EC were spiked onto 
filter paper cut into a triangle and allowed to completely dry. Extraction and 
spraying into the inlet of the mass spectrometer was completed with either a 
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90:10 mixture of acetonitrile: water or a 90:10 mixture of methanol: water, both 
solutions containing 0.1 % formic acid. Results from this experiment are provided 
in Figure 4.7 As can be seen from in Figure 4.7, acetonitrile based extraction 
solvent was superior to methanol, therefore a 90:10 mixture of acetonitrile: water 
was used for all future experiments. Since previous experiments demonstrated 
use of acetonitrile to extract OGSR from cotton clothing, it is expected a 90:10 
mixture of acetonitrile: water will also extract OGSR compounds from natural 
clothing materials such as cotton. Use of another solvent system may be 
required with the extraction of synthetic based textiles, and will be addressed in 
future experiments.   
 
4.3.3 Spray Voltage Determination 
 Formation of a Taylor cone at the tip of the filter paper spray head requires 
the application of high voltage to the filter paper. Optimization of this spray 
voltage was the next set of experiments completed. A 25 cm2 cotton cloth was 
spiked with 10 µg of DPA and EC and allowed to completely dry before 
application of minimal amounts of extraction solvent. An initial spray voltage of 
4.00 kV was applied to the filter paper and then reduced 0.25 kV every 30 
seconds. Data obtained from this experiment was averaged over the entire 30 
seconds with the spray voltage at a particular setting. A total ion chronogram is   
   167 
  
Figure 4.7:  Determination of the solvent to use for extraction of OGSR 
compounds from clothing samples 
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presented in Figure 4.8. A graph of the intensities of the spiked OGSR 
compounds and the intensity of a background ion associated with the filter paper 
(m/z 150) is provided in Figure 4.9.  
The graph in Figure 4.9 provides detailed results from this experiment, 
demonstrating an increase in signal as the spray voltage was increased. Results 
in Figure 4.9 support the results from Figure 4.8, with an increase of intensities 
with increasing spray voltage. Use of at least 3.00 kV is required for the 
electrospray process to occur on the filter paper, but use of a spray voltage 
greater than 3.50 kV will increases the chance of discharge occurring between 
the filter paper and the inlet to the mass spectrometer. Using results in Figure 4.8 
and 4.9, a spray voltage of 3.50 kV was utilized in future experiment 
 
4.3.4 Filter Paper Shape and Size 
 The shape and size of the filter paper used for spraying was also 
evaluated. Previous studies with paper spray ionization determined filter paper 
cut into a triangle is normally used to spray analytes into a mass spectrometer 
(114). Use of a sharp point on the tip of the filter paper should enhance the 
formation of a Taylor cone, allowing the electrospray process to occur on the 
filter paper. Experiments were conducted to determine the optimal shape of the 
filter paper spray head. Some of the shapes investigated are shown in Figure 
4.10. 
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Figure 4.8:  Total ion chronogram of the different spray voltages  
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Figure 4.9:  Graph of the different spray voltages for the spiked OGSR 
compounds and background ion from the filter paper 
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 As can be seen in Figure 4.10, all designs of the filter paper are variations 
of a triangular shape. The first filter paper shape investigated was in the shape of 
an isosceles triangle (number 1 in Figure 4.10). An isosceles triangle is the 
shape commonly used with PS/MS, and provided a good signal for the analysis 
of DPA and EC. After analysis, observations showed a collection of analytes at 
the points of the triangle not facing the inlet of the mass spectrometer. The 
majority of analytes should be driven towards the inlet of the mass spectrometer 
because of the lower electrical potential placed on the mass spectrometer 
compared to the high voltage applied to the filter paper. There is a possibility for 
analyte loss if spraying is occurring at other points on the filter paper not facing 
the inlet of the mass spectrometer.  
To reduce the possibility of spraying from other points on the filter paper, 
another filter paper design was investigated (#2 Figure 4.10). Rounding the 
corners not facing the inlet of the mass spectrometer improved the ability to drive 
the analytes towards the inlet of the mass spectrometer. Another modification 
competed with the creation of a filter paper spray head was use of a sharp tip 
facing the inlet of the mass spectrometer (#3 Figure 4.10). Results from the use 
of a sharp tip increased the intensity of the signal of the spiked OGSR 
compounds and reduced the intensity of background ions present from the filter 
paper, providing a greater signal-to-noise ratio. Because of the improved results 
from the use of a sharp tip, design #3 in Figure 4.10 was used for all future 
experiments.  
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 Another experiment completed was determination of the filter paper size to 
be used as the spray head. The size of the filter paper spray head is limited to 6 
cm (length by width). Use of a larger size filter paper would make positioning of 
the spray head in front of the mass spectrometer inlet difficult. In addition, when a 
filter paper size greater than 6 cm was wetted with a solvent, the rigidity of the 
filter paper was lost. Loss of this rigidity from the filter paper caused the tip of the 
spray head to dip onto the x-y-z stage, causing discharge between the stage and 
the filter paper, thus halting the electrospray process on the filter paper. To 
determine the optimal filter paper size, 25 cm2 cotton cloths were each spiked 
with 10 µg of the OGSR compounds DPA and EC. The cotton cloths were 
allowed to dry after application of the OGSR compounds. Use of minimal 
amounts of solvent was used for the extraction of DPA and EC from each of the 
cotton cloths onto the filter paper spray head. Four different sizes of filter paper 
spray heads were investigated and shown in Figure 4.11. The filter paper 
provided in Figure 4.11 is approximately the length and width of the filter paper. 
Results from the filter paper size experiment are provided in Figure 4.12. 
 As can be seen in Figure 4.12, a filter paper size of 4 cm provided the 
largest intensity for the spiked OGSR compounds extracted from a 25 cm2 cotton 
cloth. A potential reason for this result can be seen in Figure 4.12. Use of a filter 
paper size spray head smaller than 4 cm with a 25 cm2 cotton cloth requires the 
extraction of a cotton cloth that is larger than the filter paper spray head. 
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Figure 4.10:  Different shapes used for filter paper spray heads. 
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Figure 4.11:  Picture of the different size filter paper spray heads 
used with extraction of a 25 cm2 cotton cloth for OGSR 
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Figure 4.12:  Graph of the results from the different size filter paper 
experiment 
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Reduced intensities for DPA and EC were obtained for the 2 and 3 cm 
size filter paper samples, possibly because of this difference in size. When the 
size of the cloth sample was much larger compared to the size of the filter paper 
spray head, the cloth sample overlapped the filter paper spray head. When this 
overlap occurred, a reduction in signal intensity from the analytes was produced, 
possibly because the analyte was not completely extracted onto the filter paper 
spray head. During the extraction of a 25 cm2 cotton cloth sample with a 2 and 3 
cm size filter paper spray head, solvent from the extracted analyte would drip 
onto the x-y-z stage, instead onto the filter paper spray head. This loss of 
extraction solvent allows for the loss of analyte, producing a reduced signal.  
 Once the filter paper size was increased to 4 cm, intensities of the spiked 
OGSR compounds also increased, demonstrating a greater extraction from the 
cloth sample onto the filter paper. Results from increasing the size of the filter 
paper to 5 cm again showed a decrease in signal intensity compared to the 
results obtained from the 4 cm size filter paper. As with the use of small filter 
paper for the extraction of a large cloth sample, use of a large filter paper with a 
small cloth sample also has a negative effect. Use of a large filter paper spray 
head increases the background ions present from the filter paper. 
 Use of a filter paper spray head similar in size to the cloth sample being 
extracted reduces the possibility of loss from the extraction solvent spilling onto 
the x-y-z stage or from the increased ionization of background ions from the 
larger piece of filter paper. The typical size of the sample taken from an article of 
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clothing is expected to be 25 cm2 (as used in these experiments), therefore a 
filter paper spray head size of 4 cm was used in future experiments. 
 
4.3.5 Visualization of Paper Spray  
 To confirm that the optimized size and shape produced the best 
movement of analyte to the mass spectrometer, the following visualization 
experiment was preformed. A Bic marker (Paris, France) was used to place dye 
on the filter paper spray head allowing visualization of the analyte movement. 
Application of high voltage and solvent were then used to drive the dye towards 
the tip of the spray head. Pictures were then taken before and after the 
application of high voltage and solvent, and are provided in Figure 4.13 and 4.14 
respectively.  
Figure 4.13 shows black dye placed in the center of the filter paper spray 
head from the Bic marker prior to the start of the experiment. As seen in figure 
4.14, the application of high voltage and solvent to the back of the filter paper 
moved the black dye towards the tip of the spray head and then into the mass 
spectrometer. Results from this experiment provided a way to visualize the 
movement of an analyte towards the inlet of the mass spectrometer, confirming 
the hypothesis that analytes are being driven towards the tip of the filter paper.  
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Figure 4.13:  Picture of dye used to visualize the paper spray 
process-before application of high voltage and 
solvent.  
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Figure 4.14:  Picture of dye used to visualize the paper spray 
process-after application of high voltage and 
solvent. 
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4.3.6 Development of an On-line Solvent Extraction Method 
Initial experiments with the extraction of OGSR from articles of clothing 
used a 25 cm2 sample removed from a larger item of clothing. The size of the 
sample analyzed was originally dictated by the size of the filter paper spray head. 
Placing a cloth sample in a vertical orientation allowed extraction of a larger 
sample from the original article of clothing exposed to a discharged firearm. Use 
of a syringe pump from the instrument also allowed continuous delivery of 
solvent to the sample, providing a complete extraction of OGSR from the sample 
of clothing. Fused silica capillary tubing was used to transfer solvent to the 
sample at a specified rate. The cloth sample was then rolled into a cylindrical 
shape allowing extraction of the entire cloth sample. Solvent was then applied to 
the top of the cloth sample and allowed to flow through the sample. OGSR was 
then extracted from the cloth sample and onto the filter paper spray head to be 
sprayed into the inlet of the mass spectrometer. The on-line solvent extraction 
system is shown in Figure 4.15. 
 
4.3.7 Determination of Cloth Sample Size 
After determination of the size of filter paper to use for PS/MS, different 
sizes of rolled cloths samples were tested to determine if larger samples could be 
extracted for OGSR. The cotton cloth sizes used for this experiment were a 3x3, 
5x5, and 10x10 cm 100% cotton cloth. Ten micrograms each of DPA and EC 
   181 
  
Figure 4.15:  Setup of the vertical extraction paper spray 
configuration 
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were spiked onto the different size cotton cloths, along with 10 µg of 
deuterated DPA, used as an internal standard. Initial amounts of solvent were 
added to the cloth sample to completely saturate the cloth with solvent. Solvent 
was then delivered at a rate of 45 µL/min after the initial saturation to completely 
extract OGSR from the cloth sample. The signal intensity from the ions 
associated with each spiked compound was averaged over 25 scans to obtain a 
constant number of scan for each experiment. Results from the different cloth 
size experiment are provided in Figures 4.16 and 4.17. 
 Results in Figures 4.16 and 4.17, demonstrate the size of the rolled cotton 
cloth does not have an effect on the extraction of the spiked OGSR compound. 
These results were expected since an exhaustive extraction is occurring, with 
removal of all OGSR spiked onto the cotton cloths. Results for the extraction of 
EC (Figure 4.17) show slightly larger variations compared to the extraction of 
DPA. Use of a deuterated DPA internal standard can possibly account for these 
results, since the deuterated DPA is expected to have similar electrospray 
properties as DPA compared to EC. Use of a vertical extraction allows for the 
complete (exhaustive) extraction of the analyte from the sample of clothing, and 
allows the extraction of larger samples removed from the original article of 
clothing exposed to a discharged firearm. 
   183 
  
Figure 4.16:  Analysis of different size cloths with vertical extraction-
DPA 
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Figure 4.17:  Analysis of different size cloths with vertical extraction-EC 
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4.3.8 Linearity 
 The next experiment determines if a linear response was obtained with 
increasing amounts of OGSR compounds spiked onto a 100% cotton cloth. To 
complete this experiment, a 25 cm2 cotton cloth was spiked with the OGSR 
compounds DPA and EC, along with 10 µg of deuterated DPA used as an 
internal standard. The experiments were completed in triplicate and the signal 
intensity was averaged over 25 scans. The cloth samples were rolled and 
vertically extracted with a 90:10 mixture of acetonitrile: water with 0.1 % formic 
acid. Results for the linear regression analysis for the spiked OGSR compounds 
DPA and EC are provided in Figures 4.18 and 4.19 respectively.  
 As can be seen in Figure 4.18, a linear relationship was obtained over the 
concentration range of 0.1 to 100 µg on cloth for DPA. Figure 4.19, shows a 
slightly smaller linear range of 0.1 to 50 µg on cloth for EC, compared to DPA. 
Again, this can be attributed to the electrospray properties with use of a 
deuterated DPA internal standard instead of a deuterated EC internal standard. 
As stated in the beginning of chapter 3, the amount of OGSR deposited on a 
particular area of clothing is a random event because of the explosion occurring 
during the discharge of a firearm. Because of this, varying amounts of OGSR will 
be deposited on an article of clothing during the discharge of a firearm. Making 
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Figure 4.18:  Linear regression analysis for DPA 
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Figure 4.19: Linear regression analysis for EC 
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quantification of results obtained from articles exposed to a discharged firearm 
difficult at best. Similar with the extraction of OGSR with SPME, use of paper 
spray for analysis of OGSR will provide more qualitative results compared to 
quantitative results. 
 
4.3.9 Different Fabric Materials 
 One of the reasons for developing an alternative extraction method was 
because of issues associated with use of SPME with different types of fabric 
materials found in clothing. Issues with off gassing from synthetic fabrics caused 
competitive displacement of OGSR off SPME fibers during the headspace 
extraction, thus development of an on-line solvent extraction method followed by 
analysis by PS/MS was needed. A similar experiment as the extraction of OGSR 
by SPME was conducted with PS/MS. This experiment was completed by spiking 
known OGSR standards onto the same fabric materials as previous extractions 
by SPME (Chapter 3 section 3.3.7).  
 Results for the extraction of EC and DPA from different clothing materials 
are provided in Figures 4.20 and 4.21 respectively. To complete the different 
fabric types experiment, 10 µg each of DPA, EC, and deuterated DPA were 
spiked onto a 25 cm2 cloth samples of each fabric type. The types of fabric 
materials tested were as follows:  100% polyester, 100% cotton, 60% cotton 40% 
polyester blend, and 55% ramie 45 % cotton blend. Each experiment was  
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Figure 4.20:  Analysis of different fabric types with vertical extraction-
EC 
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Figure 4.21: Analysis of different fabric types with vertical extraction-
DPA 
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completed in triplicate with results averaged over 25 scans. 
Results in Figures 4.20 and 4.21 demonstrate the ability to use an on-line 
solvent extraction method with PS/MS to extract spiked OGSR compounds from 
a variety of different fabric types. Results show similar extraction efficiencies from 
both synthetic and nature fibers. Use of solvent to extract OGSR from samples of 
clothing reduces the amount of background ions present in the cloth sample as 
was seen during a SPME. Slightly larger variations in the results were obtained 
with the extraction of EC (Figure 4.20) compared to the extraction of DPA. As 
with previous experiments this could be attributed to the use of a deuterated DPA 
as an internal standard. 
 
4.3.10 Extraction of OGSR from Articles of Clothing Exposed to a Discharged 
Firearm 
 The final experiment completed with PS/MS was the extraction of OGSR 
from an article of clothing exposed to a discharged firearm. Two full-size t-shirts 
were each exposed to a single discharged round of ammunition at a distance of 1 
meter. 100 % cotton and 100% polyester t-shirts were used for this experiment. 
Following exposure to a discharged firearm, the articles of clothing were sealed 
in a gallon fire debris can for transportation back to the lab. Removal of a 25 cm2 
section from the original t-shirt around the bullet wipe was used as a sample to 
be extracted for OGSR. Extraction with a 90:10 mixture of acetonitrile: water with 
0.1% formic acid was completed onto the filter paper for analysis by PS/MS. The 
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full-scan mass spectrum of the 100% cotton t-shirt sample is provided in Figure 
4.22.   
As seen in Figure 4.22, both m/z 269 and m/z 170 are present in the 
sample demonstrating the protonated molecules of EC and DPA respectively. 
Because this extraction is from an actual article of clothing exposed to a 
discharged firearm, greater intensities are present from background ions 
associated with the discharge of a firearm (minor compounds associated with 
firearm ammunition). The tandem mass spectra from the isolation of m/z 170 
(DPA) and m/z 269 (EC) are provided in Figures 4.23 and 4.24 respectively. 
Isolation of m/z 170 in Figure 4.23 shows a large signal-to-noise ratio obtained 
with use of an ion trap mass analyzer. Because this is an extraction of an actual 
sample exposed to a discharged firearm, the intensity of the isolated peak m/z 
170 is reduced and the presence of background ions are more abundant. 
Another reason for the reduction of m/z 170 could be the greater use of EC as 
the stabilizer present in this brand of firearm ammunition. Similar results were 
obtained with the tandem mass spectrum of the isolated ion (m/z 269) for the 
OGSR compound EC (Figure 4.24), with an increased signal-to-noise ratio. 
Following isolation of DPA and EC, fragmentation was completed to confirm the 
identities of these two analytes.  
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Figure 4.22:  Full scan mass spectrum of 100% cotton sample exposed to a 
discharged firearm 
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Figure 4.23:  Tandem mass spectrum of m/z 170 (CID 0) from 100% cotton 
sample exposed to a discharged firearm 
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Figure 4.24:  Tandem mass spectrum m/z 269 (CID 0) from 100% cotton 
sample exposed to a discharged firearm 
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 Figures 4.25 and 4.26 provide the tandem mass spectra associated with 
the fragmentation of m/z 170 and m/z 269 respectively. As with the analysis of 
the DPA standard, figure 4.25 shows the characteristic ion of m/z 92 for the 
OGSR DPA. Fragmentation of m/z 269 (Figure 4.26) provides the mass 
spectrum with the ions of m/z 120 and m/z 148, characteristic of the OGSR 
compound EC. Results in Figures 4.22 through 4.26, demonstrate the ability to 
use an on line solvent extraction method and PS/MS for the analysis of 100% 
cotton clothing material exposed to a discharged firearm. After analysis of the 
100% cotton t-shirt, a 100% polyester t-shirt was exposed to a discharged 
firearm followed by extraction and analysis in the same manner as the 100% 
cotton t-shirt.  
As with the 100% cotton t-shirt, a 25 cm2 sample was removed from the 
100% polyester shirt around the bullet wipe. The full-scan mass spectrum from 
the 100% polyester cloth sample is provided in Figure 4.27. Presence of the 
OGSR compound EC can easily be seen at m/z 269. The stabilizer DPA was not 
visible at m/z 170 with the polyester sample. It should also be noted the presence 
of many background ions above m/z 300 in Figure 4.27. These background ions 
show a pattern of 12 to 15 mass units between each ion, which is indicative of 
hydrocarbon type compounds. The likely source of these hydrocarbon 
compounds is either from the polyester fabric itself or other compounds 
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Figure 4.25:  Tandem mass spectrum m/z 170 (CID 38) from 100% cotton 
sample exposed to a discharged firearm 
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Figure 4.26:  Tandem mass spectrum of m/z 269 (CID 35) from 100% cotton 
sample exposed to a discharged firearm 
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Figure 4.27:  Full scan mass spectrum of 100% polyester sample exposed to a 
discharged firearm 
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associated with the discharge of a firearm. Ionization of these background ions 
can potentially suppress the ionization of other analytes of interest (OGSR 
compounds), explaining the reduction of signal from m/z 269 for EC and the 
absence of signal m/z 170 for DPA. Results from the full-scan of the 100% cotton 
sample show a reduced DPA signal compared to EC, demonstrating a reduced 
amount of DPA present in the firearm ammunition.  
 Continuing with the analysis of the 100% polyester cloth, tandem mass 
spectrometry of the ion m/z 269 was completed and the corresponding mass 
spectrum is provided in Figure 4.28. A significant gain in signal-to-noise is 
obtained with the isolation of m/z 269, eliminating many of the background ions 
present in the full-scan mass spectrum. Fragmentation of m/z 269 was then 
completed to confirm the identity of m/z 269 as EC (Figure 4.29). Figure 4.29, 
shows the ions m/z 120 and 148, characteristic of the OGSR compound EC. 
Because of the low initial signal obtained from this sample, more background 
ions are present with the fragmentation of EC.  
 Results from the extraction of 100% polyester clothing for OGSR 
compounds are encouraging for the detection of OGSR from an article of clothing 
exposed to a discharged firearm. Use of other extraction solvents may reduce 
the amount of background ions present, allowing for an increased signal from the 
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Figure 4.28:  Tandem mass spectrum of m/z 269 (CID 0) from 100% polyester 
sample exposed to a discharged firearm 
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Figure 4.29:  Tandem mass spectrum of m/z 269 (CID 35) from 100% 
polyester sample exposed to a discharged firearm 
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analytes of interest. Extraction of both 100% cotton and 100% polyester t-shirts 
demonstrates the ability to use an on-line solvent extraction technique for the 
extraction of OGSR from article of clothing exposed to a discharged firearm. Use 
of PS/MS provides another alternative to current methods in use for the analysis 
of GSR evidence.  
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Chapter 5:  Conclusion 
 The focus of this dissertation was the development of an alternative 
method for extraction and analysis of OGSR on articles of clothing. Removal of 
characteristic inorganic elements from firearm ammunition demonstrated a 
necessity to develop an alternative analytical approach for the detection of GSR. 
Results presented in this dissertation provided two alternative analytical methods 
for the extraction and analysis of OGSR from articles of clothing by SPME and 
PS/MS.  
Rigorous testing will be required before use of either of the methods 
presented in this dissertation can be implemented in a forensic laboratory. For a 
scientific method to be used in a court of law, it must pass what is called a 
Daubert standard. The Daubert standard is a ruling from the United States 
Supreme Court in 1993 allowing a judge to serve as the role of a “gatekeeper” in 
determining the admissibility of evidence in a court of law (116). This standard is 
used in all Federal courts and adopted by many State courts (117).  
 Before a new analytical method can be accepted before a court in a 
Daubert hearing, the method needs to be verified for accuracy and accepted 
within the scientific community. Acceptance within the scientific community is 
generally obtained through publication in peer-review journals and presentations 
at national scientific conferences. This process of peer reviewing provides the 
scientific community an opportunity to thoroughly validate a new analytical 
method. After the scientific community has validated a new method, a side-by-
side comparison needs to be completed with current methodologies used to 
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detect GSR on articles of clothing. This can be completed by the use of evidence 
from a current case and completing the analysis for both inorganic GSR by a 
traditional analytical method and analysis for OGSR by the proposed analytical 
method. This process of comparing a novel analytical method with a traditional 
method needs to be completed with a large set of samples to ensure the results 
obtained are accurate. Only after it has been demonstrated that there is no 
significant difference between the two analytical methods can a new method be 
implemented into general use in a forensic laboratory.  
 The first project of this dissertation focused on the removal of volatile 
OGSR from articles of clothing exposed to a discharged firearm by SPME. One 
of the first questions to be addressed was if volatile components associated with 
OGSR could be extracted by SPME. Initial experiments determined SPME could 
be used as an extraction method for the removal of compounds associated with 
OGSR from articles of clothing. These results led into Chapter 2 of this 
dissertation with the development of a SPME method for removal of volatile 
OGSR from articles of clothing. Because of the complex matrices associated with 
textiles materials, proper optimization was required to obtain an efficient 
extraction of OGSR from articles of clothing. After development of a method for 
the extraction of volatile OGSR, applications of this novel method were 
completed. 
 Many questions need to be answered before use of SPME for the removal 
of OGSR from articles of clothing can be implemented into a forensic laboratory. 
Experiments completed in Chapter 3 touched on many of these issues, but left 
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opportunities to expand and answer many other questions. Some experiments 
that can be expanded on include how long OGSR remains on articles of clothing 
after exposure to a discharged firearm, radial distance an OGSR cloud travels 
from a discharged firearm, extraction of OGSR from full-size articles of clothing, 
and extraction of OGSR from clothing made from natural and synthetic materials.  
 One of the first experiments to be expanded on is the length of time 
OGSR remains on an article of clothing after being exposed to a discharged 
firearm. Initial experiments in Chapter 3 demonstrated that OGSR is still present 
on an article of clothing for 1-hour after exposure to a discharged firearm. Other 
experiments need to be conducted to determine the length of time until OGSR is 
no longer detected on an article of clothing. It is expected that the longer an 
article of clothing is not sealed in a container, the greater chance for OGSR 
compounds to off gas into the surround environment, thus reducing the amount 
of OGSR present on the article of clothing. Obtaining this information will allow 
for the determination of how long OGSR will be present on an article of clothing 
after exposed to a discharged weapon, and possibly enables the creation of a 
timeline of when a firearm was discharged.  
Other experiments should also be conducted with fabric made from a 
variety of clothing materials to determine if fabrics made from synthetic or natural 
fibers absorb volatile OGSR compounds differently. Synthetic textiles may off gas 
volatile OGSR clothing at a different rate than natural fibers. Ideally, both natural 
and synthetic textiles would absorb OGSR equally, but because of the difference 
in the different chemical composition of these fabrics, this will probably not be 
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true. Thus determining how each type of textile absorbs OGSR is needed. 
Obtaining data from these experiments will provide law enforcement officials with 
knowledge if an extraction for OGSR is a viable analytical option when 
determining if an individual was recently exposed to a discharged firearm.  
 Another area of research where future experiments need to be conducted 
is the radial distance an OGSR cloud travels during the discharge of a firearm. 
Results obtained in Chapter 3 demonstrate a directional trajectory of OGSR 
associated with the discharge of a pistol. Obtaining a more detailed account of 
the distribution of an OGSR cloud can be completed by placing full-size t-shirts 
360° around a discharged firearm. These t-shirts should be placed at 
approximately the height of a standing individual at set distances around the 
discharged firearm. After the samples have been collected and analyzed, a 
detailed account of the distribution of OGSR particles can be obtained. These 
results have potential to determine where an individual was standing during the 
discharge of a firearm. Another experiment should also be conducted with the 
use of a revolver type of firearm with the radial distance determination. Results in 
chapter 3 were obtained with the use of a pistol. Different distribution patterns 
may emerge with use of a revolver, because of the different gaps present within 
the construction of this type of firearm (around the cylinder of the firearm). It is 
expected use of a revolver will demonstrate a more circular radial distribution of 
OGSR compared to the results obtained with a pistol with the distribution of 
OGSR towards to right of the discharged weapon. Comparing the OGSR 
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distribution pattern of a pistol and a revolver could be useful to law enforcement 
officials for the determination of the type of firearm used in a shooting incident.  
 The final two experiments conducted with the extraction of volatile OGSR 
from articles of clothing focused on the removal of OGSR from larger (full-size) 
articles of clothing and from clothing made from different type of fabric materials. 
Both of these experiments had issues with the application of heat used to aid 
with the extraction of volatile OGSR. Use of heat during the SPME caused the off 
gassing of hydrocarbon compounds present on articles of clothing, allowing the 
competitive displacement of OGSR off the SPME fiber and back into the 
headspace of the sealed container. A potential solution was investigated with the 
reduction of heat during the extraction and exposing the SPME fiber for a longer 
period of time, but this solution created a longer extraction time required per 
sample. Another possible solution is to investigate the use of other types of 
SPME fibers that could able to provide a more specific extraction of compounds 
associated with OGSR. SPME fibers are commercially available with a variety of 
fiber coatings. Each fiber coating will have a specific affinity for a particular type 
of analyte, which can be useful for the extraction of specific compounds of 
interest. Use of different SPME fiber coatings may provide extraction of volatile 
OGSR compounds, but not the extraction of volatile hydrocarbon compounds 
associated with the clothing materials. Studies should be completed to determine 
if this hypothesis is correct. 
 Issues associated with the extraction of hydrocarbon compounds from 
larger items of clothing and the extraction of different types of fabric materials 
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demonstrated a need to propose an alternative method for the extraction of 
OGSR from articles of clothing. Use of a solvent extraction allows for an 
exhaustive extraction of an article of clothing, without the need for application of 
heat to the article of clothing to perform a volatile extraction by SPME. In Chapter 
4, development of an on-line solvent extraction method followed by PS/MS 
resolved many issues associated with the extraction of volatile OGSR 
compounds at the end of Chapter 3. These experiments were conducted with 
utilization of PS/MS, but further experiments are needed before method 
adaptation and accepted in a forensic laboratory.  
 Results obtained in Chapter 4 demonstrated the ability to use solvents for 
the extraction of OGSR from a variety of different fabrics, followed by analysis by 
PS/MS. These experiments were conducted in a controlled setting, with the 
spiking of OGSR standards onto different types of fabrics. Future work needs to 
be completed to provide real-world samples of clothing exposed to a discharged 
firearm. Extraction of articles of clothing made from a variety of fabrics exposed 
to a discharged firearm will be compared to the controlled study completed in 
Chapter 4. Results obtained in Chapter 4 demonstrated similar results with the 
ability of OGSR to be extracted from a variety of fabrics. This extraction was 
performed under controlled conditions with liquid OGSR standards being spiked 
directly onto cloth samples. OGSR deposited from a discharged firearm may 
provide different results compared to the controlled study performed in Chapter 
4, was demonstrated with the results obtained from the extraction of polyester 
and cotton fabrics exposed to a discharged firearm and analyzed by PS/MS. 
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Results obtained from the extraction of OGSR from cotton and polyester exposed 
to a discharged firearm demonstrated how OGSR absorbed better onto the 
cotton fabric compared to the polyester fabric. Studies need to be completed with 
fabrics constructed from a variety of materials. This will determine if the results 
from the controlled study will translate into real-world samples exposed to a 
discharged firearm.  
 Use of a solvent for the removal of OGSR is an exhaustive extraction 
technique, which has a goal of completely removing all of the analyte from the 
sample matrix. Completion of a solvent extraction with PS/MS may provide a 
more detailed picture of the distribution of the OGSR around a discharged 
firearm by obtaining a higher level of sensitivity, thus allowing for lower levels of 
detection. This experiment may provide a more detailed picture of the distribution 
of OGSR around a discharged firearm.  
 An issue with the use of PS/MS is how robust this technique is compared 
to more established analytical methods. Use of PS/MS can only be found in the 
literature for the past 5 years, demonstrating how novel an analytical technique 
PS/MS is currently. As with any new analytical technique, time is needed to 
obtain a robust analytical method. Data obtained in a forensic laboratory must be 
reliable and must withstand a high level of scrutiny, because results from these 
experiments can determine the fate of an individual. To implement the extraction 
of OGSR from articles of clothing in a forensic laboratory, use of analytical 
techniques that are established need to be utilized in tandem with new methods. 
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An analytical technique that is well established in forensic laboratories is use of 
liquid chromatography-mass spectrometry (LC/MS).  
 Liquid chromatography-mass spectrometry with ESI has been used for 
many years in a range of clinical and forensic applications. A variety of different 
methods can be used to implement the extraction of OGSR from a cloth sample 
into a LC/MS system. One of these methods could be the use of the LC pump 
from the high performance liquid chromatography (HPLC) system to deliver 
solvent to a cloth sample for extraction. A method to easily implement the 
extraction of a cloth sample into current LC systems would be the use of an 
empty LC column (packing material removed) so an empty tube is obtained. The 
cloth sample can then be rolled into a cylindrical shape to allow placement in the 
empty LC column. Fittings currently used to attach the LC column could be 
reused to attach the sample into the LC solvent stream. This would allow the 
seamless delivery of solvent to a cloth sample, and permit the extraction solvent 
to be delivered directly to the ESI source for introduction into the MS system for 
analysis.  
 Extraction of a cloth by this mechanism holds many possibilities. Initial 
experiments could be conducted with an isocratic extraction using a 90:10 
mixture of acetonitrile: water with 0.1 % formic acid as was used in Chapter 4. 
Use of the HPLC pump also allows a gradient extraction to occur, possibly 
providing separation of OGSR compounds off the clothing materials. Another 
possibility is the addition of a packed LC column following the extraction of the 
cloth sample. The addition of a packed LC column can be easily added to the 
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solvent path after the solvent has passed through the cloth sample, allows 
greater separation to occur with the LC column. Use of a gradient extraction 
allows the extracted OGSR compounds to be placed on the head of the LC 
column followed by separation as a normal LC/MS system operates prior to 
analysis by the MS system.  
 Two methods for the removal of OGSR from articles of clothing were 
presented in this dissertation. Both these methods were developed because of 
the potential need to determine if an individual was recently exposed to a 
discharged firearm. Because firearm ammunition manufactures are starting to 
remove characteristic inorganic heavy metals that have traditionally been used 
for the analysis of GSR, the need to develop an alternative method was created. 
Results presented in this dissertation have provided a foundation as a potential 
solution to deal with these changing ammunition compositions, while utilizing 
instrumentation available at most forensic laboratories.    
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